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New polyether toxins from shellfish and
marine phytoplankton: isolation studies and development
of analytical methods

Alan G. Bishop

ABSTRACT
There are three classes of polyether toxins responsible for Diarrhetic Shellfish
Poisoning (DSP) world-wide. The causative toxins are okadaic acid (OA) and
derivatives (DTXs), pectenotoxins (PTXs) and yessotoxins (YTXs). The origin
of these toxins are phytoplankton from Dinophysis or Prorocentrum spp. OA
has been demonstrated for most outbreaks in Europe and more recently a new
isomer DTX-2 has been reported in Ireland.
Marine phytoplankton biomass samples consisting predominantly of Dinophysis
acuta, were acquired using a large double plankton net from waters off the
South-west coast of Ireland.
Analysis of unialgal samples using high
performance liquid chromatography (HPLC) with fluorescence and mass
spectrometry detection revealed the presence of okadaic (OA; 58 pg/cell) and the
rare isomer dinophysistoxin (DTX-2; 78 pg/cell). A dual-tag fluorimetric
method was developed to confirm the presence of these toxins. The presence of
pectenotoxin-2 (PTX-2) was also confirmed using HPLC with tandem mass
spectroscopy (MS), this is the first time PTX-2 has been found in Irish waters.
Using extensive chromatographic procedures, four new polyether toxins were
isolated and named AC 1-4. AC-4 was shown to be an isomer of OA using LCMS-MS with an ionspray interface and therefore named DTX-2C. AC 1-3 were
analysed using FIA-MS and FIA-MS-MS showed a very similar fragmentation
pattern as PTX-2. Negative ion tandem fast atom bombardment (FAB)
spectroscopy in conjunction with nuclear magnetic resonance (NMR) was used
to unambiguously determine the structures of AC-2 and AC-3. AC-2 and AC-3
are related to PTX-2, except they contain an open chain carboxylic acid rather
than a lactone ring and these compounds have been named pectenotoxin -2 seco
acid (PTX-2-SA) and 7-ep/-pectenotoxin-2 seco acid (7-ep/-PTX-2-SA). An
isolation protocol has also been established for YTX.
Using the isolated material as standards, PTX-2SA and 7-ep/-PTX-2-SA have
been identified in Irish, Italian, Croatian and Chinese mussel samples.
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Chapter 1
Marine Toxins: Introduction

1.1 MARINE TOXINS
Marine toxins have drawn scientists’ attention due to their involvement in human
intoxication and the socio-economic impacts incurred by massive fish kills or inability
to harvest shellfish due to long periods of infestations'.
The sources of the majority of these marine toxins are microalgae/phytoplankton.
Phytoplankton bloom in the sea to form ‘red tides’ leading to a high concentration of
cells in the water column. Red tides may be a misnomer as many toxic blooms are not
coloured^ The majority of phytoplankton are free floating and are easily ingested by
filter feeding bivalves such as clams, mussels and oysters. The shellfish concentrate
the toxins in their digestive glands but are usually unaffected themselves. The toxins
are not removed by cooking and are therefore transferred to people who eat the
shellfish. The remainder of the phytoplankton are benthnic i.e. they need a surface on
which to grow. Coral reefs provide an excellent environment for benthnic microalgae
to grow. Fish feeding on the coral inadvertently consume the microalgae and often the
toxic compounds ingested are converted to more toxic forms by the fish.
The deteriorating marine environment (i.e. pollution of nitrates and phosphates from
industrial and agricultural sources) and the spreading of cysts of noxious species in
ship ballast tanks has contributed to incidents of seafood poisoning and fish kills with
wide geographic distribution'-^’^
Many marine toxins associated with human intoxication have now been studied at the
molecular level and some of these compounds are important as tools in biochemical
research and provide scope for the development of anticancer and antiviral drugs^- ^
Difficulties in obtaining sufficient material for analysis and the culturing of
responsible micro-organisms have been a major obstacle in marine toxin research^-’.
1.1.1 Fish TOXINS

1.1.1.1 Tetrodotoxin (TTX)
Tetrodotoxin (Fig 1.1) is one of the best known marine toxins because of its frequent
involvement in fatal food poisoning, its unique chemical structure and its specific
action of blocking sodium channels. The toxin derives its name from the puffer fish
family (Tetraodontidae)'. The marked fluctuation of toxin concentration in TTX
containing animals according to individual, region and season led some scientists to
suspect an exogenous origin of the toxin in those animals. Incapability of puffers to
develop toxicity when raised with artificial baits further supported the idea*-’.

o
N^H2
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11 -deoxyTTX
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Figure 1.1 Structure of tetrodotoxin and its analogues.
The primary source of the toxin was traced from fish to a dietary algae and finally to a
symbiotic bacterium''’. The bacterium was first assigned to Pseudomonas spp., then to
Alteromomis spp., and finally Shewanella alga'\ Subsequently, a broad spectrum of
bacteria has been reported to produce this toxin. The toxin was isolated in a pure form
and unambiguously identified using mass spectroscopy and nuclear magnetic
resonance (NMR) experiments'^
TTX produces a highly fluorescent product when heated with sodium hydroxide. A
postcolumn reversed phase HPLC method has been developed based on the
fluorescent derivative. Six new analogues have been determined using this method.
TTX can also be detected using mouse bioassay and immunoassay'^
1.1.1.2 Ciguatoxin (CTX)
Ciguatoxin is a fish toxin associated with tropical coral reefs. Outbreaks of ciguatoxin
poisonings tend to take place in isolated island groups of the Pacific and the
Caribbean'f Ciguatera poisoning has also been documented in Canada, Egypt, Japan,
Venezuela and Australia'^ Ciguatoxin is a disease caused by heat stable sodium
channel activator toxins and is characterised by a wide array of gastrointestinal and
neurological symptoms such as nausea, vomiting, diarrhoea, low heart and blood
pressure, numbness and tingling in hands and feet and difficulty in balance'^
Ciguatera poisoning follows consumption of fish that have accumulated a number of
ciguatoxin analogues through the marine food chain (Fig 1.2). These compounds are

derived from gambiertoxins produced by benthnic dinoflagellate, Gamhierdiscus
toxicus^^'^^. Benthnic dinoflagellate do not float, but attach themselves to stationary
objects including the sea bed or in the case of G. toxicus coral reefs.
The ciguatoxins consist of 13 rings fused by ether linkages into a mostly rigid ladder
like structure and bears similarities with yessotoxin and brevetoxin another sodium
channel activator'^
Ciguatoxin-1, -2, and -3 are oxidised and accumulated in fish from gambiertoxins-3C
and
Acid catalysed spiroisomerisation converts CTX-2 to the more potent
CTX-3'^
Ciguatoxin can be detected using mouse bioassay'’ (LD

50

0.45 p.g/kg), mosquito

assay”, immunoassays’’, sodium channel binding assays”” and high performance
liquid chromatography with fluorescent” and mass spectrometric detection’^

Figure 1.2 Structure of ciguatoxin (CTX-1) and its analogues.

1.1.1.3 Maitotoxin (MTX)
Maitotoxin (Fig 1.3) co-exists with ciguatoxin in ciguateric fish and is one of the most
potent marine toxins. It is responsible for the diversified ciguatera symptoms,
particularly in herbivorous fish. It is produced by Gamhierdiscus toxicus in more

abundant quantity than ciguatoxin^^ and has an LD50 in mice of 50 ng/Kg (i.p.)^’- The
toxin was first detected in the sturgeon fish, Ctenochateus striatus, and thus bears the
Tahitian name of the fish, maito^l
Three maitotoxins MTX-1, MTX-2 and MTX-3 have been purified from different
strains of Gamhierdiscus toxicus^^.

MTX-1 is a disulphated polyether with a

molecular weight of 3422 (as the disodium salt), which exceeds that of any other
known natural products, except for biopolymers. Because of its high molecular
weight, structural elucidation had been a real challenge. The total structure has been
elucidated recently on the basis of extensive spectroscopic analysis^’’^®'^'. By periodate
oxidation, maitotoxin was degraded into three fragments A, B, and C (Fig 1.3).
Multidimensional NMR experiments were applied either to the whole MTX molecule
or the fragments.
It has been shown to induce an increase in Ca

m a dose dependant manner in most

cells studied^^ MTX induces severe pathomorphological change in the stomach, heart
and lymphoid tissues in mice and rats after i.p. injection^f
Numerous approaches to the development of a detection method for MTX have been
undertaken. These include bioassays■^^ cytotoxicity^^ pharmacological assays^^ high
performance liquid chromatography with UV and MS detection^^ and more recently
capillary electrophoresis with UV detection”.

Figure 1.3 Structure of maitotoxin, arrows denote cleavage by NaI03.
4

1.1.1.4 Palytoxin
Palytoxin (Fig 1.4) was first discovered as the prineiple toxin of an Hawaiian soft
eoral.

It is a potent tumour promoter and has a mouse lethality of 0.5 pg/Kg (i.p.).

Research carried out by three different laboratories have fully elucidated its complex
structure and has made palytoxin one of the best known natural products.

The

complete stereochemistry of palytoxin was rigorously determined by comparison of
synthetic fragments with the natural product. Palytoxin had been the most complex
and largest natural product with a molecular weight of 2677 until the strueture of
maitotoxin was determined”.
Palytoxin has been determined in triggerfish, which are common in tropical shores, a
seaweed {Chrondria armatd), crabs belonging to the genera Demania and
Loophozozymus^^ and a file fish, Alutera scripta. A palytoxin analogue named,
ostreocin D, has been isolated from Ostreopsis siamesis.
Extensive pharmacological/biochemical research has been carried out on palytoxin
such as membrane depolarisation, Na or Ca influx, stimulation of arachidonic acid
release, stimulation of neurotransmitter release and induction of contraction of smooth
muscle. Palytoxin can be determined using a mouse bioassay or by high performance
liquid chromatography'.

OH

OH

Figure 1.4 structure of Palytoxin and analogue.

1.1.2 Shellfish toxins
1.1.2.1 Brevetoxins
Brevetoxins are responsible for the poisoning syndrome known as Neurotoxic
Shellfish Poisoning (NSP). Brevetoxins are produced by the marine dinoflagellate
Ptychodiscus brevis. Blooms of this red tide are most prevalent along the gulf coast of
Florida, parts of the Gulf of Mexico and more recently in New Zealand. Multiple
toxic compounds have been isolated from field blooms and laboratory cultures.
Brevetoxins and its analogues are composed from two structurally different
backbones, Brevetoxin A (Fig 1.5A) and Brevetoxin B (Fig 1.5B). Brevetoxin like
ciguatoxin has a trans-fused polyether skeleton and is a sodium channel activator and
specifically induces a channel mediated Na^ ion influx.

The symptoms of NSP

include nausea, vomiting, diarrhoea, chills, dizziness, numbness and tingling of the
face, hands or feet which can occur from 3-4 hours after consumption of toxic
materials^^’'’”. Another mode of exposure to brevetoxins is by inhalation of sea spray
containing fragments of P. brevis cells'*'. They are also associated with killing fish,
invertebrates, seabirds and possibly lead to mortalities in dolphins and manatees'*^
More recently a number of new brevetoxins have been isolated, BTX-Bl'**, a new
water soluble neurotoxin has been isolated from oysters in New Zealand and three
new analogues of brevetoxin-B have been isolated from the hepatopancreas of the
greenshell mussel Perna canaliculus, these are TX-1, TX-2 and TX-3.
structure of TX-2 (Fig 1.5C) has been structurally elucidated'*^

Only the

TX-2 is probably a

detoxification product of mussels and is the first example to show an ether ring
cleavage.
Brevetoxins can be detected by immunoassays*^ mouse bioassay*^ sodium channel
assay"* ’* and high performance liquid chromatography with UV** and MS detection*^
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1.1.2.2 Domoic acid
In 1987 cultured Canadian mussels produced an intoxication characterised by
neurological problems such as headache, confusion and loss of memory, other
symptoms included vomiting and diarrhoea. The syndrome was named Amnesic
Shellfish Poisoning (ASP). The toxin responsible for such intoxication was identified
as a rare tricarboxylic amino acid, named domoic acid (DA) (Fig 1.6). The source of
the domoic acid was identified as the pennate diatom Pseudonitzschia pungens forma
multiseries^^. In November ‘91, on the west coast of the USA, a large number of
cormorants died as a consequence of ingesting anchovies contaminated with DA. The
source of the poisoning was identified as Pseudonitszchia australias. In the same year
DA was found in razor clams and crabs harvested in Washington and Oregon^'. ASP
is predominantly a Canadian occurrence although nitzschia species appear globally.
Low levels of domoic acid have been detected in New Zealand^^ Denmark”, the Gulf
of Mexico”, Spain” and Portugal”.
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Figure 1.6 Structure of domoic acid.
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The standard mouse bioassay for PSP can detect domoic acid but is not very sensitive,
the toxin induces very characteristic symptomology in mice after intraperitoneal
injection.

The most characteristic symptoms include a unique scratching of the

shoulders by the hind leg followed by convulsions and often death”. A reversed phase
HPLC method with UV detection at 242 nm was developed for the analysis of DA in
shellfish. This method was adopted as an official first action by the AO AC in 1990.
This was only the second official method and the first instrumental based method for
marine toxins approved by the AOAC. Other methods for the detection of DA in
shellfish include capillary electrophoresis with UV detection^*, LC-MS”, GC-MS^° and
immunoassays*'.

Recently our laboratory has developed a reversed phase HPLC

method with fluorescence detection for the determination of DA in algae and
shellfish”.

1.1.2.3 Saxitoxin and derivatives
Saxitoxin and derivatives are responsible for the poisoning syndrome known as
Paralytic Shellfish Poisoning (PSP). PSP occurs in both cold and warm waters
throughout the world.

It is caused by a bloom of dinoflagellates of the genera

Alexandrium, Pyrodinium, Gonyaidaux and Gymuodinium^^.

Saxitoxin and its

analogues (Fig 1.7) are responsible for PSP. These toxins can also be produced in
freshwaters by cyanobacteria and are the most acutely toxic substances known to man.
PSP incidents have not only been reported following the ingestion of toxic bivalves,
but also following the consumption of toxic crabs and gastropods*^
The saxitoxins are potent neurotoxins, the site of action is on the sodium channels of
the cell membranes.

These sodium channels are extremely important for the

generation of action potentials**. Sodium ions must flow into nerve cells in order to
relay an impulse to other cells. However the PSP toxins block the influx of sodium
ions into the nerve cells and therefore the propagation of impulses to neighbouring
cells**. The symptoms of PSP include numbness of the face, tingling sensation in the
toes and finger tips, weakness, difficult breathing, paralysis and finally death due to
respiratory collapse".
Methods for the detection of PSP toxins include mouse bioassay*'', fly bioassay**,
immunoassays*^ sodium channel binding assay"*, tissue culture assay**, capillary
electrophoresis with UV"' or MS detection"", LC-MS"*, high performance liquid
chromatography (HPLC) with electrochemical detection"'* and fluorescent HPLC with
either pre column"* or post column"* "" oxidation of the toxins to produce fluorescent
products.
In our laboratory we have identified saxitoxin, neosaxitoxin and gonyautoxin 2/3 in
mussels from Belfast Lough and gonyautoxin 2/3 in wild mussels and cultivated
oysters in Cork harbour"*.
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Figure 1.7 Structure of Saxitoxin (STX) and analogues (GTX=gonyautoxin,
NEO=neosaxitoxin).
1.1.2.4 Gymnodimine
Early in 1994, monitoring for lipid soluble toxins (NSP and DSP) produced high
mouse bioassay values for oysters from Foveaux Strait which could not be attributed
to the known toxins^^ The potent bioactive compound responsible was isolated using
multiple chromatographic steps monitored using diode array UV detection and by
mouse bioassays*”. This new marine toxin (C32H45NO4) was characterised using NMR*'
and its absolute stereochemistry established by the X-ray structural analysis*^ It is a
pentacyclic compound with a 16-membered carbocyclic ring and an unusual fused
ring containing an imine moiety (Fig. 1.8).
The phytoplankton responsible for this toxicity in shellfish was soon suspected to be a
Gymnodinium spp. and the toxin was therefore named gymnodimine^'.
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Fig. 1.8 Structure of Gymnodimine.
1.1.2.5 Pinnatoxin A
In China, during 1980 and 1989, several thousand cases of food poisoning were
reported resulting from the ingestion of shellfish {Pinna attentuatafK Similar human
toxicity, following the consumption of Pinna pectinata, also occurred in the coastal
regions of Japan^f The symptoms include diarrhoea, paralysis and convulsions and
therefore indicated that a neurotoxin was responsible. Initial experiments on crude
extracts revealed the toxin to be a Ca^"^ channel activator*f
3.5 mg of the toxin has been isolated using a combination of gel permeation, ion
exchange and reversed phase liquid chromatography*^
The compound was named Pinnatoxin A, C4,H6,N09 (Fig. 1.9), is a polyether
macrocyclic that contains iminium and carboxylate moieties together with a unique
6,7-spiro ring, a 5,6-bicyclo ring and a 6,5,6-trispiroketal ring system involving 14
chiral centres*^
Me

Fig. 1.9 Structure of Pinnatoxin A.

1.1.2.6 Spirolides
A family of macrocyclic toxins were isolated from mussels {Mytilus edulis) and
scallops {Placopectena magellanicus) which were collected from the eastern shore of
Nova Scotia, Canada*"^. The progress of the isolation was monitored by mouse
bioassay and final purification was achieved using reversed phase HPLC to yield four
compounds that were named spirolides A-D. Two of these toxins, spirolide B and D
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were obtained in sufficient quantity to be stmcturally elucidated. These toxins were
termed spirolides as they possess an unusual seven-membered cyclic imine moiety
that was spiro-linked to a cyclohexene ring as well as a spiro-linked tricyclic ether
ring system (Fig. 1.10a). Spirolide D differs from spirolide B only in that the latter has
one less methyl group on the heptacyclic iminium ring. The two minor components
spirolides E and F (Fig. 1.10b), unlike spirolides B and D, do not show any toxic
response in mice.
It has not yet been established how the spirolides exert their toxic effects except that
they have been shown to be weak activators of type L Ca^^ channels*®.
A
SPIROLIDE B (R=H)
SPIROLIDE D (R=CH3)
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Fig 1.10 Structure of the Spirolides.
1.1.2.7 Azaspiracid
Recent human toxic events in The Netherlands (1995) caused following the
consumption of mussels (Mytilus edulis) from Killary Harbour, Ireland have been
shown to be caused by a new toxic syndrome. In the DSP mouse test, a slow
progressive paralysis was observed using extracts of these mussels and these
neurotoxic symptoms were quite different from those typical of the DSP toxins*^
The planar structure of this new toxin was elucidated using NMR spectroscopy and
contains novel five- and six-membered spiro rings with one of these containing
nitrogen*^ (Fig. 1.11).
In toxicity studies, mice became progressively paralysed with laboured breathing and
remained still in the comers of their cages. Diarrhoea was not observed and, at low
doses, mice died within 2-3 days with a minimum lethal dose estimated as 150
pg/kg*^ Histopathological changes were observed in mice which were induced by
12

both i.p and oral administration. Marked necrosis of parenchymal cells in peripheral
portions of lobuli in the pancreas and focal necroses in the liver were also observed 20
hr after administration of the toxin'’®.

Fig 1.11 Structure of azaspiracid.
A second toxic event involving spiramino acid occurred in October 1997 on the north
west coast of Ireland. No unusual phytoplankton species were observed in either of
the above toxic episodes. However, the pattern of methylation in spiramino acid leads
to the conclusion that it is of dinoflagellate origin®'.

1.2 DIARRHETIC SHELLFISH POISONING (DSP)
1.2.1 The history of DIARRHETIC shellfish poisoning
The DSP toxins belong to three structurally different classes,
1) Okadaic acid and its derivatives
2) Pectenotoxins
3) Yessotoxins
The first recorded incident of what was probably DSP occurred in The Netherlands in
the 1960’s®^ There was also a major DSP incident in Japan in the 1970’s®k In 1976,
42 people suffered food poisoning after eating mussels from the Sanriku Coast. A
similar incident occurred in the Tohoku district in 1977. Also, scallops and clams as
well as mussels seemed to be responsible for the poisoning. As no pathogenic micro
organisms were found in left-over foods or in the excreta of the victims, it was
presumed that an unknown toxin was the source of contamination®®.
The symptoms of the victims were diarrhoea in 92% of cases, nausea in 80% of cases,
vomiting in 79% of cases and abdominal pain in 53% of cases. Symptoms were
noticed between 30 minutes and a few hours after shellfish consumption and lasted a
maximum of 3 days.
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Shellfish were extracted with various solvents and tested for toxicity by
intraperitoneally injecting mice with dilute solutions of the extract. The minimum
dose required to kill a 20 g mouse in 48 hours was defined as the mouse unit (MU).
The toxin was found to be fat-soluble and the majority of the toxin accumulated in the
hepatopancreas of the shellfish. 12 MU was determined, as the amount of toxin
needed to cause mild poisoning to an adult”.
It was also noticed that shellfish toxicity was variable, depending on the season of the
year, the region the shellfish came from and the depth they were located in the water.
There was evidence that toxicity resulted from shellfish feeding on toxic plankton.
As no PSP symptoms were observed in victims, it was concluded that
Protogonyaulax or Gynodinium breve were not responsible for the toxicity. However
the dinoflagellate, Dinophysis fortii, was found in the seawater around the time of the
toxicity”. Plankton samples were collected during the toxic period and classified by
size using sieves of different mesh. All the phytoplankton samples were tested for
toxicity by mouse bioassay”.
The plankton sample from mesh size 40-95 pm was the only toxic fraction. Nine
species were concentrated in this fraction.
However, logical elimination of
potentially toxic species by comparison of toxicity results and the corresponding
counts of species, resulted in the conclusion that Dinophysis fortii was the causative
organism responsible for toxicity. The identity of the toxins from the mussels and the
plankton was confirmed by liquid chromatography”.
The toxin responsible for toxicity was named dinophysistoxin and the poisoning
Diarrhetic Shellfish Poisoning after its predominant symptom”. In 1982
dinophysistoxin-1 (DTX-1) was isolated from the hepatopancreas of mussels and its
structure determined”.
Kat reported that Dinophysis acuminata was the responsible organism responsible for
DSP in The Netherlands. Plankton blooms of Dinophysis acuminata preceded mussel
toxicity and the toxicity diminished slowly when the dinoflagellates disappeared”.
Toxic mussels from France, Spain, Sweden and The Netherlands were examined by
Yasumoto et al. and were found to contain OA as the predominant toxin unlike Japan
where DTX-1 was the predominant toxin”.
In Japan, it was noticed that mussels became toxic at low levels and for brief
periods in early spring when Dinophysis fortii was scarce in the sea. However,
Dinophysis acuminata was present and when mussel samples were analysed they
were found to contain okadaic acid. This further supported the theory that okadaic
acid was also responsible for DSP and that it was produced by Dinophysis
acuminata'^^.
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1.2.2 OA AND DERIVATIVES
1.2.2.1 The isolation and structural determination of OA and derivatives
1.2.2.1.1 The isolation and structural determination of okadaic acid
Tachibana et al. isolated and determined the structure of a cytotoxic component of
two marine sponges in 198P^ The component was a complex polyether derivative
with a C-38 backbone, which was, named okadaic acid. In 1982, okadaic acid was
identified as a toxic component of the benthnic marine dinoflagellate Prorocentrum
When the structure of DTX-1 (Fig. 1.12b) was detemiined by Murata et al. it
was found to be strikingly similar to OA (Fig. 1.12a). They are both complex
polyether carboxylic acids except that DTX-1 has an extra methyl group, which
means that this compound is 35-methyl okadaic acid^^ The partial synthesis followed
by the complicated but complete synthesis of OA was achieved in 1985'°''
1.2.2.1.2 Isolation and structural determination of dinophysistoxin-2 (DTX-2)
In 1991 fluorimetric HPLC analysis of shellfish from Bantry Bay, Co. Cork, revealed
the presence of an unidentified acid that eluted after OA'“^
The toxin was isolated by Canadian researchers and named dinophysistoxin-2 (DTX2) (Fig. 1.12c). Analysis of mussel extract taken from Bantry Bay, by liquid
chromatography-ionspray-mass spectrometry (LC-ISP-MS), indicated that DTX-2 was
an isomer of OA. The toxin was extracted from mussel hepatopancreas with methanol
and acetone, and isolated using several chromatographic steps. The structure of DTX2 was determined by nuclear magnetic resonance (NMR) spectroscopic analysis of the
isolated product‘°^
1.2.2.1.3 Isolation and structural determination of dinophysistoxin-3 (DTX-3)
In 1985, Yasumoto et al. reported the isolation and structural determination of DTX-3
(Fig 1.12d) (DTX-3 is a name used collectively for the 7-0-acyl derivatives of OA,
DTX-1 and DTX-2) from toxic scallops^*. DTX-3 was found to be a mixture of 7-0acyl derivatives of DTX-1. It is in fact, a mixture of DTX-1 ester derivatives with
different fatty acid moieties at carbon 7. DTX-3 can be converted back into the free
fatty acids and DTX-1 by hydrolysis. To date, DTX-3 has not been found in
phytoplankton samples which suggests the acylation of DTX-1 to DTX-3 takes place
in the hepatopancreas of shellfish. There was a noticeable loss in toxicity when a
dried sample of DTX-3 was exposed to the air. Purification of the deteriorated
products confirmed that it was in fact 7-0-palmitoyl DTX-1 and it lacked any
significant toxicity. The 7-0-acyl derivatives of OA were isolated from Dutch mussels
in 1986 and Irish mussels were found to contain 7-0-acyl derivatives of DTX-2’‘^’
Conversion of OA, DTX-1 and DTX-2 to their acyl ester derivatives appears to be
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related to their concentrations in the shellfish. The production of 7-0-acyl
compounds by shellfish is believed to be a detoxification process since they are less
toxic than their parent compounds'^
1.2.2.1.4 Isolation and structural determination of diol esters
Several diol esters (DE) of OA have been isolated from cultures of Prorocentrum spp.
and the structures of some of these esters which have C7-C9 unsaturated moieties are
shown (Fig 1.12). There have been several reports on the isolation of the OA diol
ester, OA-DEl, from cultures of P. maculosum and P.
The isomeric
diol ester, OA-DE2, was the major component in P. lima''' and the Cl and C8 dienes,
OA-DE3 and OA-DE4, were isolated from P. maculosum (previously described as P.
concavum)'^^. There have been conflicting reports on the bioactivity of these
compounds but since it has previously been established that a free carboxylic acid was
necessary for protein phosphatase inhibition"^ it is probable that hydrolysis to OA
may account for this activity. Thus, in experiments to compare the effects of OA and
OA-DE2 in rat myometrium, a level of activity for both compounds was observed but
with the latter exhibiting a latent period before the appearance of a response'".
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Fig. 1.12 Okadaic acid and its derivatives. (Figure adapted from chapterll, Seafood
toxicity: mode of action, pharmacology and physiology of phycotoxins, L.M. Botana
(Editor), in press)
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1.2.2.1.5 Isolation and structural determination of DTX-4, 5a and 5b
A number of water soluble OA derivatives, which were also produced by P. lima and
P. maculosum cultures, have been structurally elucidated"^ "'*. These have been named
DTX-4, DTX-5a and DTX-5b (Fig 1.12) and they are sulphated ester derivatives of
OA-DE3 and OA-DE4. An aqueous methanol extract of P. lima was partitioned
against hexane, diethyl ether and 1-butanol and lipid soluble DSP toxins were found
mainly in the ether extract whereas DTX-4 was the main toxin in the butanol extract.
DTX-4 was the first polar DSP toxin to be isolated and the structure of this compound
shows that it is an ester derivative of OA-DE4 with three hydroxyl and three sulphate
groups on a fourteen carbon side chain"\ A report of high protein phosphatase
inhibitory activity for DTX-4'" was later corrected"^ and some of the problems
associated with measuring bioactivity of these compounds may be related to facile
hydrolysis to OA.
Experiments using esterases demonstrated the rapid hydrolysis of DTX-5b to OA and
it has been suggested that OA esters may play an important role in the storage within
cells and intracellular transportation of OA producing compounds"^ It was also
demonstrated that it was important to destroy esterases by boiling prior to extraction
of toxins from cultures to prevent hydrolysis"^' .
1.2.2.2 Toxicity of okadaic acid and derivatives
Previous discussions on the toxicity of okadaic acid and its derivatives have been
presented by colleagues. Dr Sean Kelly and Dr Eoin Cannody as detailed in their
Ph.D. theses"*’The following sections 1.2.2.2, 1.2.3.2.1 and 1.2.4.2.1 are modified
from their submissions.
The isolation and characterisation of DSP toxins, carried out by Japanese scientists led
to the discovery of three chemically distinct classes of toxin''*. The three classes of
shellfish toxins have very different toxic effects. It is argued that only the class
containing okadaic acid and its derivatives should be referred to as DSP toxins
because it has been reported in the literature that while pectenotoxin and yessotoxin
are toxic to mice by i.p injection they do not induce diarrhoea'^"'-'. As discussed
below, the pectenotoxins were shown to have no discernible effect on the organs of
mice and rats when administered orally. They also have no discernible changes in the
epithelium of the small intestine when injected intraperitoneally, but markedly
increased permeability of the digestive tract and liver'^' '^^ However there is a
conflicting report in the literature by Yasumoto et al. where it is documented that
pectenotoxins do cause diarrhoea in mice when administered orally, but they are less
potent in diarrheagenicity and less common in occurrence than the okadaic class of
compounds'k It is important to understand that the toxic effects of pectenotoxin and
yessotoxin are not well researched due to lack of available standards.
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1.2.2.2.1 Toxicity and hispathological studies on the effects of OA and its derivatives.
Following the incidences of DSP in Japan in 1976 and 1977, Yasumoto et al. earried
out toxicity tests by means of a bioassay on extracts from contaminated mussels.
Toxins were extracted from the hepatopancreas of the mussels with various solvents
and tested for toxicity by means of intraperitoneally injecting mice with dilute
solutions of the extract. The minimum dose of toxin required to kill a 20 g mouse in
48 hours was defined as the mouse unit (MU). Depending on the toxin content, onset
of symptoms varied between 100 minutes and 47 hours after injection. When the
toxin was administered orally by means of a stomach tube, the lethal dose was found
to be 116 times higher than that obtained by i.p. injection. Chickens were also
administered the toxin i.p. but were much less sensitive than mice. Cats were fed
toxic shellfish orally, but while vomiting was induced the reproducibility of results
were poor^f The toxin responsible for these DSP ineidents was identified as DTX-1
by Murata et al. Mice receiving this toxin at 160 pg/Kg body weight died within 24
hours while suffering from constant diarrhoea. Toxic shellfish were also found to
induce diarrhoea when fed to white rats^^
A saturated acyl derivative of DTX-1, 7-0-palmitoyl-DTX-l, was found to have only
one tenth the mouse lethality of DTX-1 and an unsaturated acyl retained a third of the
potency in mice following intraperitoneal injection'°^ Also the 7-O-acyl derivatives
of okadaic acid showed less poteney but not diarrheagenicity in the mouse test for OA
and like the DTX-1 acyl derivatives, potency generally increased with unsaturation in
the acyls'^f
Hamano et al. evaluated the enterpathogenicity of DSP toxins in intestinal loops of
rabbits and miee, and in suckling mice. Crude DSP toxins prepared from toxic
scallops lead to significant fluid accumulation in the intestinal tracts of these animals.
When OA, DTX-1 and DTX-3 were orally administered to suekling mice they caused
fluid aecumulation in their intestines. These results suggested that these compounds
and the crude DSP toxin sample were diarrheagenic'^®’ .
Further studies on suekling mice were performed by Tearo et al., concentrations of
DTX-1, 50-500 pg/KG body weight, were given intraperitoneally into mice. The
duodenum and the upper portion of the small intestine became distended and
contained mueoid, but not blood fluid. The villous and submucosal vessels were
severely congested at the higher concentrations. There were no discernible changes in
organs and tissues other than the intestines throughout the experiment. At the
ultrastructural level, three sequential stages of change of the intestinal villi were
observed:
1) Estravastion (abnormal separation between epithelium cells and basal membrane)
2) Degeneration of intestinal absorptive epithelium, and
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3) Desquamation of the mucous epithelium from the villous surface.
Marked dilation or destruction of the Golgi apparatus suggest that DTX-1 may in fact
directly attack this organelle.
I'hese morphological responses of the mouse small intestine to DTX-1 are
distinguishable from the responses to choleragen and entrotoxins from E. coli or C.
perfringes and are similar to those of the botulinum Cj or the toxin produced by
C.difficile'^^.
Subsequently, the patho-morphological effects of OA, DTX-1 and DTX-3 when
administered orally and intraperitoneally on mice and Wistar rats were examined and
compared. Each toxin was administered either i.p. (375 pg/Kg body weight), or orally
(750 pg/Kg body weight) with stomach tubes. The effects of both OA and DTX-1 on
animal organs were practically the same. When they were administered orally they
caused similar effects as was caused by i.p. injection, except that the severity of the
latter was about 7 times greater than oral administration. The effects of DTX-3 on the
small intestine when orally administered were similar to that of OA and DTX-1.
However, when DTX-3 was administered intraperitoneally, its toxicity was far weaker
than that of the other two toxins. It led to dilation of the cystemae of the Golgi
apparatus, numerous vesicles occurred in the cytoplasm of the absorptive epithelium
within and hour and then after four hours the changes were completely reversed.
However it caused severe degeneration and necroses of the hepatocytes in the midzone
of the liver.
24 hours after oral administration of DTX-3, a marked accumulation of fat droplets
and necrotic foci occurred and in the midzonal and periportal regions of the hepatic
lobule. OA and DTX-1 had no discernible effect on the liver when administered
orally but they show a weak cytotoxic effect on the hepatocytes when administered by
i.p. injection'^^
Edebo et al. found that okadaic acid rapidly promotes secretion, in ligated intestinal
loops of rats, following injection of toxin suspensions into the loops. Rat’s small
intestines have been shown to be the most sensitive and reproducible organ for studies
of the diarrhetic effects caused by OA and its derivatives. Humans are estimated to be
at least four times more sensitive than rats (on a body weight basis) to okadaic acid‘^^
Okadaic acid also produces rapid and characteristic changes in the mucosa
moiphology in ligated loops of rats. 90 minutes after administration of the toxin, most
of the enterocytes at the upper part of the villi are shed from the basement membrane
into the lumen. This leads to accumulation of globlet cells, which are not affected by
the toxin. There is no sign of bleeding or inflammatory reaction and no apparent
barrier damage. When a high dose of toxin was used, a collapse of the villi
architecture occurs. When okadaic acid was administered intravenously, less
extensive changes were noticed which suggest that the toxin targets the enterocytes'^7
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1.2.2.2.2 Tumour promotion effects of okadaic acid and its derivatives
The process of chemical carcinogenesis consists of two stages, initiation and
promotion. Initiation is caused by a single application of a small amount of
carcinogen, e.g., 7,12-dimethylbenz(a)anthracene (DMBA), to the skin on the back of
a mouse was reported to induce mutation. Agents that promote carcinogenesis from
initiated cells are called tumour promoters. Treatment with DMBA, followed by
repeated application of a tumour promoter, results in a high percentage of tumour
bearing mice, whereas treatment with an initiator alone or tumour promoter alone did
not produce any tumours on the mouse skin. 12-0-tetradecanoylphorbol-13-acetate
(TPA) for example, is the classical tumour promoter since its isolation from croton oil
in the late 1970’s. The mechanism of action of TPA type tumour promoters was
found to involve the binding to phorbol ester receptors and activation of protein kinase
C in vitro'^^ '^^
Members of the OA class of DSP toxins were also shown to induce tumour formation
by initiated cells. In two stage carcinogenesis experiments on mouse skin, OA and
DTX-1 showed a potency comparable with TPA. However OA, DTX-1 and another
structurally unrelated compound, calyculin A, were found to be non TPA type tumour
promoters. Subsequently it was thought that these compounds had their own binding
protein(s) which were different from the phorbol ester receptor. It was also discovered
that calyculin A also binds to the OA binding protein(s)'^°'
OA and possibly DTX-1
binds to a particular fraction of mouse skin. It is of interest to note that the binding
sites of OA are present in the stomach, the small intestine and the colon, as well as in
other tissues. According to Suganuma et al., OA and DTX-1 might also act as tumour
promoters in the stomach. The possible implications of the tumour promoting
capacity of the diarrheagenic toxins on human health warrants further study
particularly the implications for stimulation of growth of gastrointestinal tumours.
OA has also been shown to have a genetoxic effect on BHK21 Cl3 fibroblasts and
HESV Keratinocytes. Since OA class tumour promoters have been shown to produce
adverse effects on rat intestine, stomach and liver hepatocytes, these organs could be
considered as targets and further study on the genetoxic effects of OA in vivo should
be considered'^l
1.2.2.2.3 The effect of okadaic acid and its derivatives on protein phosphatases
Protein kinases are enzymes which catalyse the addition of phosphate groups to
intracellular proteins.
Eukaryotic protein phosphatases are structurally and
functionally diverse enzymes that catalyse the dephosphorylation of
phosphoproteins, thereby reversing the action of protein kinases.
Protein
phosphatase-1 (PPl) and protein phosphatases-2A, -2B and -2C are responsible for
the dephosphorylation of serine and threoine residues in the cytoplasmic
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compartments of eukaryotic cells. Both protein kinases and protein phosphatases
have a key role in signal transduction. Reversible protein phosphorylation is a
critical component of the signal transduction mechanisms by which extracellular
signals regulate homeostasis and cell growth'”.
This is the process by which extracellular proteins bind to receptors on the surface of
the cell and generate intracellular regulatory signals, which are transmitted to
different parts of the cell. Protein kinases and protein phosphatases act as molecular
switches, which trigger the cells response to a message. Protein kinases transfer
phosphate groups from adenosine-5'-triphosphate (ATP) to specific amino acid
residues in a target protein. Protein phosphatases remove the phosphate group and
the target protein reverts back to its original state. There are thousand of potential
target proteins that are controlled by reversible phosphorylation in cells, including
metabolic enzymes, ion channels, components of cell division apparatus and
structural and contact! le proteins. Protein phosphatases are now seen to be more than
simply passive off switches, but are intricately regulated, particularly in response to
extracellular stimuli'”'”.
Okadaic acid had been known to cause long lasting contraction of smooth muscle
from human arteries since its isolation from a marine sponge'”. Micromolar
concentrations of okadaic acid also strongly inhibited the phosphorylated myosin
light-chain phosphatase activity of smooth muscle extract'”. These were the first
clues in the discovery that okadaic acid was a potent inhibitor of protein
phosphatases'"". Cohen et al. reported that PPl and PP2A, rather than PP2C are the
dominant phosphatase catalytic subunits acting on a wide range of phosphoproteins
in vivo'"'. Okadaic acid is a very potent inhibitor of PPl and PP2A and is about 100
times more sensitive to the latter.
If okadaic acid is applied to permeable animal or plant cells at low concentrations
(10-100 nM), a small proportion of intracellular PPl and PP2A molecules are
inhibited, target proteins become more phosphorylated than normal and the balance
of intercellular control and signal response is altered. This leads to the toxic effects
of okadaic acid such as diarrhoea, which is probably caused by stimulating the
phosphorylation of one or more of the proteins that control sodium secretion by
intestinal cells. The acute diarrhetic effects of okadaic acid and its derivatives are
well known and toxin limits are established to safe guard the public health.
However, the question of whether or not the chronic low dose exposure to these
toxins pose a threat to human health still remains unanswered. The tumour
promoting effects of okadaic acid and its derivatives, now known to be caused by
protein phosphatase inhibition, is a serious concern.
When DTX-2 was isolated by Canadian researchers they also established that it was
a protein phosphatase inhibitor as potent as okadaic acid'"". The free carboxylic acid
group in the structure of the toxins is thought to be essential for PPl and PP2A
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inhibition. Nishiwaki et al. studied the structure activity relationship within a series
of okadaic acid derivatives. 7-0-acyl derivatives of okadaic were found to be less
potent inhibitors of phosphatases than okadaic acid. DTX-1 showed the same order
of activity as okadaic acid, which was expected due to its powerful tumour
promoting activity"^

The okadaic methyl ester did not show any binding to the

same receptors. The carboxyl group as well as the four hydroxyl groups at C-2, C-7,
C-24 and C-25 of OA were indicated to be important for activity"'^'‘‘*k
1.2.2.3 Methods for the determination of OA and derivatives
The following sections 1.2.2.3.1 (Bioassays), 1.2.2.3.2 (Biochemical assays) and
1.2.2.3.3 (Bioassays) have been written for chapter 6, Seafood toxicity: mode of
action, pharmacology and physiology of phycotoxins, L.M. Botana (Editor), in press.
These sections are based on theses by Dr Sean Kelly"* and Dr Eoin Carmody"^ and
have been updated to include the most recent references.

1.2.2.3.1 Bioassays
Bioassays are the most common methods used by regulatory bodies worldwide for the
determination of marine toxins. They detect the presence of toxins but do not give
any quantitative or qualitative infomiation about the specific toxins present.
1.2.2.3.1.1 Adult mouse bioassay
The mouse assay for the detection of DSP was developed following the outbreak of
DSP in Japan in 1976 and 1977.

The acute toxicity of DSP toxins in mice in

preliminary studies led to a rapid routine analysis of DSP toxins in shellfish^k
Digestive glands (lOg) were homogenised in a blender with acetone (3x50 ml) for 2
minutes at room temperature. The acetone from the combined extracts was removed
under reduced pressure and made up to 2 ml with 1 % Tween 60 solution. 0.5-1 ml
aliquots of this solution or serially diluted solutions were given intraperitoneally to
female mice 15-20 g each. The minimum dose of toxin to kill a mouse within 48
hours was designated as one mouse unit (MU). Toxicity in shellfish was expressed in
terms of mouse units per gram of (MU/g) of hepatopancreas.

However, in this

application this mouse bioassay is compromised by co-extraction of other substances,
especially free fatty acids which results in false positives''’^ ''^^'''’^ ''’^ Low levels of other
shellfish toxins, especially PSP toxins, also lead to problems.

The DSP bioassay

protocol concentrates the PSP toxins by evaporation, yielding an extract which is
highly toxic to mice even though the level of PSP toxins present may not produce a
positive response in the PSP bioassay. The high temperatures required to remove
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water may produce low toxin recoveries''’^ Another practical problem is that the final
mixture is difficult to re-suspend to a fixed volume, as it is an aqueous mixture with
lipids.
To overcome the problems of PSP interferences, the above procedure has been
modified by the inclusion of a diethyl ether extraction of the aqueous residue after
acetone evaporationThe combined ether extracts are back washed twice with
water, resulting in the removal of PSP contaminants and salts, which are also,
concentrated during the evaporation steps. The final residue is easier to suspend to a
fixed volume but the problem of free fatty acids interferences persists with this
protocol.
The Japanese Ministry of Health and Welfare has defined a new definition of the MU.
It is the amount of toxin required to kill 2 out of 3 mice (20 g body weight) in 24
hours. One MU corresponds to 4 pg of OA, 3.2 pg DTX-1 and 5 pg of DTX-3'\
A modified mouse bioassay method is used in France, three successive extractions
from hepatopancreas (30 g) are obtained using acetone, after solvent evaporation the
residue is made up to 6ml with 1% Tween 60 and injected intraperitoneally into mice
(18-20 g). If the three mice survive for more than five hours, the shellfish are
considered safe for human consumption. However as a precautionary measure, the
mice are kept under observation for at least 24 hours'^*’.
A variation of this procedure proposed by IFREMER, France, introduced a
redissolution of the residue in 80% methanol and extraction with hexane to remove
non polar lipids'^'. The methanol is evaporated and the residue re suspended in 1%
Tween 60. This procedure successfully removes fatty acids thus eliminating false
positives, but DTX-3 is also removed'^^ In addition interferences from PSP toxins
and salts remain using this procedure.
Another modified procedure used in Norway'^^ in which hepatopancreas (10 g) was
extracted with acetone, followed by centrifugation and evaporation. The residue was
re-dissolved in water, extracted twice with petroleum ether and finally with
chloroform. Evaporation of the chloroform phase gave a dry residue which was then
dissolved in 1% Tween 60 and injected intraperitoneally into white female mice, at
doses equivalent to 2.5-5 g of hepatopancreas. Two mice were used for each dose and
their behaviour and survival times were recorded for 24 hours. Toxicity was given a
relative number 0-4 according to survival times (Table 1.1). The limit corresponds to
5 MU or 20 pg of OA equivalents/100 g of shellfish meat. Although losses of low
polarity DSP toxins (DTX-3) can occur at the petroleum ether washing step, PSP and
salt interferences are eliminated.
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Table 1.1
Toxicity
scale
0
1
2
3
4

Survival
time

Degree of toxicity

> 24 hours
4-24 hours
2-4 hours
1-2 hours
< 1 hour

negative
slight toxicity
moderate toxicity
toxic
very toxic

In further modification to the above assay, diethyl ether was replaced with
dichloromethane. Dichloromethane is a good alternative because it dissolves all the
DSP toxins including pectenotoxins and yessotoxins, but since this method did not
include a petroleum ether wash, free fatty acids still interfere'^f

1.2.2.3.1.2 Suckling mouse bioassay
In 1985, Hamano et al. reported a suckling mouse bioassay that provides a direct
measure of diarrhoeic effects. The method involves the introduction of 0.1 ml of
shellfish extract in 1% Tween 60 containing a drop of Evans Blue dye solution via
teflon tubing to 4-5 day old CD-I mice. After inoculation, the mice are kept at 25 ”C
for 4 hours and sacrificed with chloroform. The whole intestine is removed and the
fluid accumulation ratio is calculated as a ratio of intestine to that of the remaining
body. The results from mice with no dye in the intestine are discarded. Fluid
accumulation was observed for OA, DTX-1 and DTX-3. A fluid accumulation ratio
of 0.09 corresponds to a value of 0.1 MU'^f Free fatty acids, which give false
positives in the mouse bioassay, do not interfere with this assay method. This assay
also has a lower threshold limit and is more easily related to human symptomology.
However, the test is difficult to use routinely and wounding of the mice is common on
administration of the sample. Also a continuos supply of 4-5 day old mice may be
difficult to ensure during major toxic incidents. Using this method pectenotoxins and
yessotoxins are not detected'^®.
1.2.2.3.1.3 Rat intestinal ligated loop bioassay
Edebo et al. quantitatively determined OA and DTX-1 from toxic mussels in ligated
loops of rats.
Seven-week-old male Sprague rats weighing 150-170 g are
anaesthetised with ether. The closed loop was then injected with 2 ml of homogenised
mussel tissue suspended in phosphate-buffered saline. After closing the skin with
clamps the rats were left for a length of time, usually two hours. The clamps were
then removed and the loop carefully dissected out, weighed (a) and the length was
measured (La). Also, for reference a more distal piece of intestine was similarly
25

weighed (b) and measured (Lb). The secretion (mg/cm) can be measured using the
calculation a/La-b/Lb- The detection limit of the test corresponds to 0.05 pg OA and
has a linear range of 0.5-5 pg OA. This assay is a sensitive and quantitative method
for DST determination and has been validated for OA and DTX-1'^^.
1.2.2.3.1.4 Rat faecal bioassay
The Netherlands Institute for Fishery Investigations has adopted a non-lethal bioassay
using rats'”. In the published protocol the meat of ten mussels is mixed with six
grams of normal ground rat food and offered to a test animal 100-120 g weight which
has been starved for 24 hours. After a 16 hour period, the consistency of faeces and/or
food refusal are noted and a semi quantitative estimate of DSP toxicity is made on this
data. This test probably does not detect pectenotoxins or yessotoxins. This test is
used as the official test in the Netherlands. To account for the variable weight of
mussels, the Irish Fisheries Research Centre used 10 g of hepatopancreas in this
method.
1.2.2.3.1.5 Daphnia magna bioassay
Okadaic acid is toxic to daphnia magna, a species of freshwater cladoceran
invertebrate'”. A bioassay was developed to analyse OA concentrations in mussel
extracts and a linear correlation was found between OA concentrations determined by
liquid chromatography with fluorescence detection (ADAM) (r=0.74). The assay is
inexpensive and simple, it is also potentially more precise than the mouse bioassay
since a large number of animals can be used. The assay has been reported to be ten
times more sensitive than the mouse bioassay'”. Daphnia magna is also sensitive to
other toxicants and it has been proposed as a replacement for the mouse bioassay in
the screening of shellfish contaminated by okadaic acid or co-extracted toxins'”.
1.2.2.3.2 Biochemical assays
The classical bioassays involve testing on live animals and while these are still the
most commonly used assays, there is increasing pressure to abolish such testing due
to ethical considerations. Hence many more humane biochemical assays have been
developed.
1.2.2.3.2.1 Cytotoxicity assays
The cytotoxic effect of OA has been recognised since its isolation by Tachibana et
al.^^
It was noticed that when rat hepatocytes were exposed to toxic shellfish
extracts, a rapid leakage of lactate dehydrogenase occurred while non toxic extracts
had no disintegrating effects on the cell membranes'” '”.
A DSP toxicity test has been reported, based on the morphological changes of rat
hepatocytes when exposed to toxins. The three classes of DSP compounds can be
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determined as they all produce different changes in the cells morphology. However
the analysis is time consuming and results are confusing when mixtures of toxins are
involved'^’®.
Amzil et al. have developed a rapid cytotoxicity assay for the detection of the OA
group of toxins. The method evaluates the minimal active concentration (MAC) of
shellfish extracts by microscopic observation of toxin morphological changes on KB
cells (this cell line was established from a human epirdemoid carcinoma of the
mouth). A high correlation (r= -0.90) was found between the logarithms of the MAC
of the tested extracts and the OA concentrations in mussel hepatopancreas measured
by LC-FLD (ADAM-method). At low doses, some of the cells treated with OA
showed epithelial features whilst the remaining cells exhibited round features induced
by the toxin. High doses of toxin resulted in all of the cell becoming round. The
MAC of mussel extract is measured by the incubation of 50 pi of serially diluted
mussel extracts with 50 pi of a 200,000 KB cell/ml suspension. The minimal active
quantity of OA was 0.125 pg'^'.
A coloLirimetric method for quantifying the cytotoxic effect of OA on KB cells has
also been developed. The method is based on the ability of metabolically active cells
to reduce a tetrazolium compound MTT (3-(4,5,dimethylthiazol-2-yl) 2,5diphenyltetrazolium to a blue fonnazon product in a contact period of 24 hours. It
was demonstrated that this assay was suitable to detect OA concentrations as low as
50 ng/g hepatopancreas There was also a good correlation (r=0.964) between this
assay and the DSP-check ELISA Kit'^^
More recently, Pouchus et al. published the cytotoxic effect of DTX-2 on KB cells.
Both OA and DTX-2 gave similar MAC values, 155 nM and 115 nM respectively but
DTX-1 is more active with an MAC of 19 nM
Okadaic acid also shows toxicity to Buffalo Green Monkey Kidney (BGM) cell
cultures. This method is also based on the direct microscopic observation of toxin
induced morphological changes in cell cultures. This assay showed good correlation
with the mouse bioassay (r=0.95)'^\
The uptake of the dye, neutral red, by mammalian fibroblasts in culture has been
exploited in a non specific assay for the determination of maitotoxin and OA. More
specific responses were also obtained by morphological examination. Cells exposed
to OA characteristically presented a two step morphological change, first they became
square with membrane and subsequently became round. Cells following incubation
with toxic extracts were examined both for morphological changes using a contrast
transmission microscope, and also for neutral red uptake by measuring the absorbance
at 540 nm. Concentrations of maitotoxin and OA in shellfish extracts were
determined from dose-response curves'^^
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1.2.2.3.2.2 Protein phosphatase assays
The tumour promoting effects of OA and its derivatives are now well known to be
caused by protein phosphatase inhibition'^"using

radioactivity'"''-

colourimetry'""-

A number of PP-assays, with detection
bioluminescence'^' and fluorescence'^^

have been developed.
1.2.2.3.2.2.1 PP-radioassay
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Using a P-radiolabelled substrate, the protein phosphatase activity can be determined
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by measuring the release of acid soluble P. The reaction is stopped by the addition of
trichloro acetic acid, which inactivates the PP and precipitates any unused substrate.
A scintillation count is perfonned on an aliquot of the acid fraction, which contains
the inorganic ^^P-phosphate and hence the protein phosphatase activity is calculated'''\
The concentration of PP inhibiting compound is inversely related to the radio activity
count level.
Holmes reported the analysis of OA and DTX-1 in toxic shellfish by liquid
chromatography-linked protein phosphatase (LC-PP) assay'^f

The toxins were

resolved by liquid chromatography, then assayed by inhibition of both PPl and PP2A
catalytic subunits in a

P-phosphorylase-a. Using this method, a protein phosphatase

inhibitor apart from OA and DTX-1 was detected in Canadian shellfish'^f Subsequent
studies revealed that at least six phosphatase inhibitors distinct from known DSP
toxins were found in mussels from Holland and Canada. These were termed mussel
phosphatase inhibitors (MPI) compounds.

This method allows for the sensitive

bioscreen for the identification of novel compounds comprising diarrhetic toxins
profiles in shellfish'"''. Later this approach was further improved by the addition of a
third analytical method, capillary electrophoresis (CE) which improved detection of
OA at 200 nm in semi purified marine samples previously screened by LC-PP assay'^^
1.2.2.3.2.2.2 PP-Colourimetric assay
PP2A shows a particularly high level of activity toward p-nitrophenyl phosphate (pNPP)'’". Simon et al. exploited this to develop a colourimetric phosphatase inhibition
assay in which the ability of PP2A to dephosphorylate a colourless substrate, p-NPP,
to a coloured substrate, p-nitrophenol was used to determine OA concentrations'™.
The performed OA detection limit was 0.4 pmol and the method was reported to be
accurate, rapid, specific and easily carried out. This assay was found to correlate well
with ELISA (DSP check) (r=0.93333) and also on the MTT cytotoxicity assay
(r=0.9677).

This assay was demonstrated to be between 50 and 100 times more

sensitive than the MTT cytotoxicity and ELISA (DSP Check) assays methods. The
assay was carried out in a 96 well microplate, which permitted a large sample
throughput'"".
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1.2.2.3.2.2.3 PP-bioluminescent assay
Isobe et al. used firefly luciferin phosphate as a substrate to successfully determine the
activities of known inhibitors of PP2A, including OA. The luciferin phosphate is
hydrolysed to free luciferin by the action of the protein phosphatase, the free luciferin
is then immobilised onto a column where it reacts in the presence of ATP and
to
form oxyluciferin.
During this process light is emitted and detected by a
luminescence detector. This method only requires 10 pM of substrate which, is
approximately the same level as the ^^P radio assay and this substrate also operates
over a wider pH range than p-NPP'^'.
1.2.2.3.2.2.4 PP-Fluorescent assay
A fluorescent microplate assay has also been established for the analysis of okadaic
acid in shellfish and phytoplankton extracts. Two fluorescent substrates were used, 4methylumbelliferyl phosphate (MUP) and fluorescein phosphate (FDP).
The
enzymatic hydrolysis products from these substrates were quantified using a
fluorescent, microtitre plate reader. A 100-fold increase in sensitivity was achieved
using 4-methylumibelliferone compared with the visible absorbing reagent p-NP.
This enzyme fluorescent assay has a detection limit of 12.8 ng of OA per gram of
hepatopancreas and has the potential to provide a rapid and sensitive tool for
shellfish'’^ Shimizu et al. has also found MUP as a suitable substrate for PPl and
PP2A. It was also reported that ELF-97 was an excellent substrate for PPl giving a
high yield of fluorescence'”.
1.2.2.3.2.3 Immunosorbent methods
Hokama et al. developed a monoclonal antibody during research into the development
of anti-ciguatoxin antibodies. They subsequently reported a stick test for the detection
of ciguatoxin and related polyethers”. A monoclonal antibody has been tested against
pure okadaic acid, a fragment of OA and ciguatoxin.
A modification of the stick test has led to the development and marketing of a test kit
for the screening of ciguatera and DSP toxins, called 'Ciguatech test kif. The presence
or absence of toxins was determined by the binding of toxins to a membrane attached
to a plastic strip and exposing the toxin laden membrane to an antibody-colouredlatex-bead complex that has a high specificity for the toxins of interest. It was
reported that 1 ng of OA could be detected on the test strip and 50 pg OA/g fish flesh
could be determined by using a rapid extraction procedure. Colour intensity on the
test strip is assigned a value between 0 and 5, where 0 corresponds to non detectable
okadaic acid and 5 corresponds to 5 ng of OA'^*. A recent study demonstrated the
utility of this test kit in seafood safety monitoring programmes by detecting the
presence of okadaic acid and related DSP toxins in mussels during dinoflagellate
blooms and depuration operations in France'”.
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Levine et al. reported the production of antibodies and the development of a
radioimmunoassay for okadaic acid. OA was found to be responsible for the
stimulation of arachidonic acid metabolism in rabbits. Therefore OA was conjugated
to bovine serum albumin and used to immunise rabbits. The rabbits responded by
producing anti-OA antibodies, which neutralised the OA stimulation of arachidonic
acid metabolism. Inhibition of the ^H-okadaic acid binding to anti-OA by unlabelled
OA occurred at concentrations as low as 0.2 ng/ml. When the percentage inhibition
was plotted against the log of OA concentration, a linear graph resulted in the range
0.2-9.0 ng/ml.
Maitotoxin, teleocid, 12-0-tetradecanoylphorbol-13-acetate,
aplysiatoxin, palytoxin and brevetoxin B when tested from 3.7 to 228 pmoles but
none inhibited binding. No data were presented for the cross reactivity with other
DSP toxins'*®.
Usagawa et al. prepared three monoclonal anti-OA antibodies, OA-1, OA-2 and OA3, from hybridoma clones obtained by the fusion of mouse myeloma cells with
immune spleen cells sensitised to okadaic acid-ovalbumin conjugate (OVA). A
competitive inhibition enzyme linked immunosorbent assay (ELISA) was also
developed, patented and marketed as a kit under the name 'DSP Check" by Sceti Ltd.,
Tokyo, Japan. The OA-3 antibody was used in the ELISA test kit as it had the highest
sensitivity to OA amongst the three antibodies. A constant quantity of OA conjugated
to bovine serum albumin (BSA) is precoated onto the wells. The test solution and
horseradish peroxidase labelled monoclonal antibody are added simultaneously to the
well. This enzyme linked monoclonal antibody competitively reacts with the fixed
antigen and the free antigen from the sample. The quantity of enzyme proportional to
that of fixed antibody is determined in terms of enzyme activity, which is, measured
colourimetrically. DSP toxin content in the sample is inversely related to absorbance.
Many samples can be analysed in twenty minutes using this assay which is sensitive
to OA at concentrations as low as 10 ng/ml.
The antibodies show a cross reactivity of ca. 70% to DTX-1 but do not react to 7-0acyl derivatives of OA or DTX-1, pectenotoxins or yessotoxins'*'''*^ The cross
reactivity of this kit found to be ca. 40% using purified DTX-2 standard'*k 7-0-acyl
derivatives of DSP toxins can be determined by alkaline hydrolysis into the free acid
prior to analysis.
The fact that OA is used in the well coating in this assay consequently makes this kit
expensive. Shestowsky et al. have developed an alternative immunoassay in which
two mouse monoclonal antibodies to OA were used. One of these antibodies is an
anti-OA monoclonal antibody (mAb) called 6/50 (idiotype (Id)) and the other is a
anti-anti-OA mAb called 1/59 (anti-Id). The 1/59 anti-Id mAb is an internal image of
OA and can be substituted for the okadaic coating on the solid phase. 1/59 competes
with free OA analyte, for binding to a limited amount of anti-OA mAb in a liquid
phase. The bound 6/50 mAb is then quantified by an enzyme- conjugated anti mouse
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antibody. The assay permits reliable measurement of okadaic acid in the 9-81 ppb
range and is marketed as a test kit by Rougier Bio-tech Ltd., Montreal, Canada'*^
DTX-3, calyculin A and brevetoxin-1 are not detected by this ELISA kit. DTX-2 and
DTX-1 are recognised by the 6/50 anti-OA mAb but they have a 10 to 20 fold lower
affinity than OA for the anti-OA mAb, respectively, than the affinity between antiOA and okadaic acid'*\ Okadaic acid derivatives such as the methyl ester, diol ester
and okadaic acid alcohol react with the 6/50 antibody almost as well as okadaic acid'®^
The least effectively bound derivative was OA tetra-acetate where all the free
hydroxyl groups of okadaic acid esterified.

These findings suggest that the 6/50

antibody recognises the portion of OA most distant from the carboxyl group'*^
Hamano reported the preparation of antibodies, which cross-react equally with OA,
DTX-1 and DTX-3Later a specific and sensitive ELISA using immobilised mouse
monoclonal antibodies to okadaic acid, which are resistant to organic solvents, was
developed for OA and its analogues. One antibody, which only binds okadaic acid in
10% aqueous methanol, is used to detect OA selectively.

Another antibody that

equally binds okadaic acid, DTX-1 and seven-O-palmitoyl DTX-1 in methanol was
used to determine total toxin'*®.
Two antibodies which bind more strongly to DTX-1 and 7-0-palmitoyl DTX-1 than to
okadaic acid and 7-0-palmitoyl okadaic acid in 50% aqueous methanol, were found
useful for the detection of DTX-1 and DTX-3.

An antibody, which binds more

strongly to 7-0-palmitoyl, DTX-1 and 7-0-palmitoyl okadaic acid than to okadaic
acid and DTX-1 in 50% aqueous methanol, can be used to detect DTX-3
.An ELISA method with electrochemical detection has been employed for okadaic
acid.

The method involves a competitive heterogeneous immunoassay in which

antigen in solution competes with immobilised antigen for soluble antibody.

The

excess sample and antibody are removed and a secondary antibody labelled with
alkaline phosphatase is added. Phenyl phosphate is hydrolysed by the enzyme label to
yield phenol that is then oxidised. The dynamic response is inversely proportional to
the soluble antigen'^®.
1.2.2.3.3 Chemical assays
Chemical assays are the only assays that can quantitatively and/or qualitatively
detennine toxins in contaminated seafood.
1.2.2.3.3.1 Fluorescent reagents used for the HPLC determination of OA and
derivatives
Sensitive and specific detection methods are needed to detect trace amounts of
analytes in complicated matrices.
bands above 200 nm.

Acidic DSP toxins lack appreciable absorption

Pre-column derivatisation with various fluorescent labelling

reagents and analysis with reverse phase high performance liquid chromatography
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with fluorescence detection (LC-FLD) have been employed for the analysis of these
compounds. The following fluorescent labels have been employed for the analysis of
acidic DSP toxins.
1.2.2.3.3.1.1 9-Anthryldiazomethane (ADAM)
A fluorimetric HPLC method for the analysis of the OA class of DSP toxins was first
reported in 1987''*^ The hepatopancreas of shellfish was homogenised with 80%
methanol, the extract was then washed with petroleum ether and than extracted with
chloroform. An aliquot of the chloroform extract was dried under nitrogen and
derivatised with 0.1% w/v 9-anthryldiazomethane (Fig. 1.13c). The fluorescent esters
of the toxins were cleaned up on a silica solid phase extraction (SPE) cartridge.
Analysis of the fluorescent esters was carried out on an ODS column with mobile
phase acetonitrile:methanol:water (8:1:1) at an excitation and emission of 365 nm and
412 nm respectively‘‘*^
The ADAM reagent is very sensitive, but is notoriously unstable and its degradation
products can yield artefact peaks as well as incomplete derivatisation of the target
analytes''^'. ADAM reagent should be stored at -70 °C, subdivided in small aliquots,
in complete darkness in a dessicator and to be prepared by dissolving in acetone (^^50
pi) followed by reaction solvent usually methanol immediately before use'^^
There have been many attempts to improve the robustness of the ADAM method of
which the solid phase extraction (SPE) clean up is particularly critical. (The SPE
methods are summarised in Table 1.2 while reaction and analysis conditions for all
reagents are summarised in Table 1.3).
Stabell reported an improvement to the sample cleanup method developed by Lee et
al. The use of a O.lg silica column and different eluent compositions was found to
improve the resulting chromatograms. Improved reproducibility was found when
ultrasonic treatment of the samples was performed during derivatisation. This
treatment probably increased access to reactive sites on toxins due to the disruption of
micelles formed by toxins and other hydrophobic compounds. Deoxycholic acid was
proposed as an internal standard'^f Quilliam used 7-0-acetylokadaic (AcOA) instead
of deoxycholic acid (DCA) as an internal standard, as its relative retention time was
constant for different columns and temperatures. The molecular structure of DCA is
very different to that of DSP toxins and this can give rise to a positive bias in results if
quantitative derivatisation is not achieved for all samples. AcOA which was
synthesised by the partial acetylation of OA was proposed as an internal standard and
led to a more accurate and precise method, by correcting for incomplete recoveries
particularly in the extraction, cleanup, and derivatisation steps and for volumetric
errors and instrumental drift. However as an internal standard it is very expensive and
has not been adopted by other researchers
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Draisci et al. developed a simplified extraction and purification procedure for the
determination of OA in mussels, using ADAM determination with fluorimetric
detectionStockemer et al. have also optimised the ADAM method with regard to
derivatisation, SPE and chromatographic conditions'^^
Another attempt to improve the ADAM protocol was reported by Pereira. Isopropanol
was used as the homogenisation solvent and the toxins were then extracted with ethyl
acetate and hexane. The sample is then derivatised with 0.2% ADAM (200 pi) (Table
1.3). The cleanup procedure was similar to that used by Stabell et al. and samples were
analysed by LC-FLD using a Lichrospher-RP column with a mobile phase of
acetonitrile:water (8:2)'^^
In 1995, Quilliam et al. reported additional improvements to the Lee et al. method'^f
The amount of ADAM in the Lee method was found to be insufficient for complete
derivatisation of toxins in shellfish samples. More reliable derivatisation was achieved
by increasing the ADAM concentration to 0.20% and reacting for two hours at 37 °C. A
LiChrospher-100 RP-18 column was found to produce an effective separation of the
toxins using a mobile phase of 80% acetonitrile/water and a column temperature of 40
°C. The sensitivity of the procedure was improved by using an excitation wavelength of
254 nm instead of 365 nm. Reduced selectivity, due to the presence of other compounds
in the extract, which might also fluoresce at this wavelength, was not a problem in the
samples studied.
Custom SPE columns were prepared from freshly activated silica bought in bulk,
because the activity of silica used in commercial SPE cartridges varies considerably
between different manufacturers and different production lots. This improved the
reproducibility of the method and using 10:90 methanol:chloroform as the elution
solvent gave better complete recovery of the analytes, but did not introduce any extra
interferences.
A critical factor is the amount of ethanol stabiliser in chloroform. The optimum ethanol
content of chloroform was determined to be 1.15+/- 0.05%. Thus it was suggested that
the ethanol and impurities such as chloroform decomposition products, be removed
using an activated alumina column and then to adjust the ethanol content to the optimum
concentration for efficient clean up. However, Kelly et al. have used chloroform
stabilised with amylene and have spiked the chloroform with the optimal ethanol
concentration'll
Recently Syhre et al. proposed an alternative clean-up for ADAM derivatives of DSP
toxins without halogenated solvents''^'’. Activated carbon was used as a replacement to
silica gel.
Aase et al. optimised the sample clean-up for ADAM by the use of experimental
design'^^. The design took into the account, derivatisation time and temperature, the
amount of silica in the SPE tubes, the amount of washing solvent, the concentration of
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ethanol in the washing solvents, the speed of washing and eluting solvent and also the
concentration of ADAM used.

Based on experimental design, it was suggested

derivatisation with 0.1% w/v ADAM, the use of 100 mg silica SPE tube, the use of
dichloromethane instead of chloroform to minimise the effect of stabilising alcohol.
Lucas et al. described an automated HPLC method for determining DSP toxins. This
method uses a column switching device and thus avoids clean-up procedures after
derivatisation of shellfish extracts with ADAM, this eliminates toxin loss which can
occur with SPE procedures. The obtained chromatograms are reported to be free from
interfering reagent peaks. However the operation of this column switching method is
complex“''^'°.
The analysis of OA by an in situ method of derivatisation with ADAM, in both pure
solutions and extracts of contaminated shellfish was studied in order to overcome the
problems with reagent stability. ADAM was prepared prior to analysis by reaction of 9anthraldehyde hydrazone with quinuclidine and N-chlorosucinimide in ethyl acetate.
The quantitative results were in agreement with that from commercial reagent. However
a peak nearly overlapping with OA occasionally appeared in the chromatogram of the
test solution which was probably due to an artefact formed in the derivatisation
reaction^". Quilliam et al. have investigated this artefact peak using LC-MS and it was
found to be 42 mass units higher than the ADAM-OA derivative suggesting the
substitution of an acetyl (CH3CO) group for a hydrogen on one of the four hydroxyl
groups present in OA, also a peak corresponding to a doubly acetylated derivative was
also found. The possible source of the acetyl function was concluded to the reaction
solvent ethyl acetate and the 0-acetylated ADAM derivatives were produced by the base
(quinuclidine) catalysed reaction between the solvent and the hydroxyl groups of OA.
Other solvents were investigated for the reaction and tetrahyrdofuran (THE) was
reported to be the most suitable solvent in the in situ method^'^ ADAM reagent can also
be used to determine 7-0-acyl derivatives'^ The acyl derivatives are extracted in the
hexane wash of the Lee et al. Procedure. The acyl derivatives can then be hydrolysed
with sodium hydroxide, the excess base neutralised, extracted with chloroform and then
derivatised with ADAM'^^
1.2.2.3.3.1.2 1-Pyrenyldiazimethane (PDAM)
1-Pyrenyldiazomethane (Fig. L13i) has previously been used as a derivatisation reagent
for fatty acids and prostaglandins^'^ PD AM is more stable than ADAM and has a longer
shelf life. Heating a mixture of 0.1% w/v PDAM in ethyl acetate and shellfish extract in
methanol (1:1) at 75 °C for 30 minutes generates the pyrenylmethyl esters. The reaction
mixture is then dried under nitrogen and the clean-up is as Lee et al. After solid phase
extraction, the fluorescent esters are dissolved in acetonitrile and analysed by RP ODS at
an excitation and emission of 340 nm and 394 nm respectively^°^ Morton and Bomber
have used a similar procedure for the determination of OA in prorocentrum species^'\
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Marr et al. compared several derivatisation reagents for the conversion of OA into
fluorescent esters. They were concerned with the potential decomposition of thermally
labile DSP compounds under the harsh PD AM reaction conditions. A limited series of
tests formed poor yields and no additional testing was carried ouP“l
1.2.2.3.3.1.3 1-Bromoacetylpyrene (BAP)
Dickey et al. developed a method of derivatising DSP toxins with 1-bromoacetylpyrene
(Fig. 1.13h). The extraction and clean-up procedure were exactly as described as Lee et
al. The chloroform, 0.5 ml, was evaporated to dryness and reeonstituted in aeetonitrile
(0.5 ml).

400 pi of 0.1% w/v solution of BAP in acetonitrile and 100 pi of 5%

diisopropylethylamine in acetonitrile were added.

The mixture was placed in an

ultrasonic bath for ten minutes and then heated at 75 °C for 15 minutes. The HPLC
analysis was performed on an ultrasphere XL-ODS column using an excitation and
emission wavelength of 365 nm and 418 nm respectively.

BAP proved to be more

stable in the solid and solubilised forms than ADAM or PDAM^’’®. Kelly et al. compared
the sensitivities of ADAM and BAP, BAP was found to be four times less sensitive than
ADAM. Because of the stability, it showed less reagent interference than ADAM, this
proved useful as a purity check for the isolation of DTX-2'^^ More recently Gonzalez et
al. have published an alternative derivatisation and clean-up procedure using 1bromoacetyl pyrene-'^
1.2.2.3.3.1.4 Bromomethoxy coumarin derivatives
A number of bromomethoxycoumarin derivatives have also been investigated as
alternatives to ADAM. 4-bromomethyl-7-methoxyeoumarin (BrMmc) (Fig. 1.13d) has
been found to be a suitable reagent for the precolumn derivatisation of OA and its
derivatives^'^

The method is based on the extraction of DSP toxins from algae or

mussel hepatopancreas with 80% aqueous methanol. The toxins are then extracted with
dichloromethane followed by clean up on a silica gel cartridge. The sample is washed
with ethyl acetate (10 ml) and ethyl acetate:isopropanol (1:1) 15 ml and the analyte was
eluted with ethylacetate:methanoic acid

(1:1) 5 ml.

The solvent is removed under

nitrogen and reconstituted in acetone (170 pi), 5 pi of 0.1% solution of 18-crown-6ether in acetone, 25 pi of 0.15% BrMmc in acetone and 1-2 mg of potassium carbonate
was added. The reaction mixture was kept at 55 °C for 2 hours. After cooling to room
temperature the solution was injected direetly into the HPLC with a mobile phase
composition of acetonitrile:water (7:3). Fluorescenee deteetion was carried out at an
excitation wavelength of 325 nm and an emission wavelength of 390 nm. The method
was reported to have the following advantages over the ADAM method.

First,

additional removal of lipid material with hexane is not required. Second, pre-column
clean up eauses less decomposition of BrMmc derivatives and additional elean up is not
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needed after derivatisation. The derivatives are more stable than ADAM and the HPLC
chromatograms do not show any interfering peaks. However, the chromatographic run
was 25 minutes followed by rinsing the column for 15 minutes with water, then 15
minutes with acetonitrile followed by re-equilibration of the column, this leads to a
small sample throughput.
The reaction of OA and BrMmc was examined with respect to reaction time,
temperature and catalysT“. It was found that by using a temperature of 45 °C and
relatively high levels of N, N diisopropylethylamine and reagent relative to OA, the
reaction rate was similar to that with crown ether:potassium carbonate catalysis at 55
°C. However with a large excess of reagent there was an increase in chemical noise in
the chromatograms. Cleanup of the reaction mixture was possible using the Lee et al.
procedure. The BrMmc was found to be adequate for the analysis of cultured
dinoflagellates or mussel tissue containing high concentrations of DSP toxins.
Other bromomethoxycoumarin derivatives were also tested, 4-bromomethyl-7, 8
benzcoumarin (BrMBC) (Fig. 1.13g), 4-bromomethyl-7-acetoxycoumarin (MAC) (Fig.
1.13j) and bromomethyl 6,7dimethoxycoumarin (BrDMC) (Fig. 1.13a). The fluorescent
ester provided by BrMBC only had a 20% fluorescent yield compared with that of
BrMmc derivative. The BrMAC was also found to be weakly fluorescent. The BrDMC
had an 85% fluorescent yield compared with that of BrMmc but showed less chemical
noise from impurities. BrMmc reaction conditions were also suitable for BrDMC
derivative. BrDMC shows the greatest promise because of its stability and purity but
lower selectivity than ADAM lowers its’ application.
1.2.2.3.3.1.5 9-Chlormethylanthracene (CA)
The HPLC method uses 9-chloromethylanthracene (Fig. 1.13f) as a derivatising agent
was used to analyse OA in mussels from Gulf of Trieste. The toxins were extracted
from the mussels as in the Lee et al. procedure. 1 ml of chloroform extract was taken,
the solvent was evaporated and 200 pi of 0.1% w/v CA in methanol plus 100 pi of 25%
w/v tetramethylammonium hydroxide added to the residue. The mixture was allowed to
react 75 °C for 30 minutes and the Stabell et al. clean up procedure applied. The toxin
derivatives were separated on a LiChrosorb RP-8 column using a gradient programme
with acetone and water:acetonitrile (1:1) as mobile phase solvents. The excitation
wavelength was set at 366 nm and the emission wavelength at 404 nm. This analysis
method was not as sensitive as the ADAM method but was good enough to detect the
toxins at quantities below the regulatory limits. This method was also used to determine
fatty acids‘°\
More recently, Lawrence et al. examined the use of 9-chloromethylanthracene for the
determination of OA and DTX-1 in shellfish. The toxins were extracted according to
the method used by Lee et al. with minor modifications. The final extract was
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evaporated to dryness by rotary evaporation. The residue was then dissolved in
methanol (1 ml). 20-25 pi aliquots of the sample extract are derivatised with 400 pi of
0.8 mM CA in acetonitrile in the presence of tetraethylammomiumhydroxide.

The

contents were reacted for 1 hour at 90 °C. The products were purified using two silica
cartridges before being determined by HPLC RP-18, mobile phase acetonitrile:water
(75:25) with excitation and emission at 365 nm and 412 nm respectively. CA was
shown to be as effective as ADAM as a fluorescent labelling reagent provided suitable
reaction and clean up conditions are employed. CA is more stable than ADAM and
shows the same sensitivity and is also less expensive^°f
1.2.2.3.3.1.6 2,3-(anthracenedicarboximide)ethyl trifluoromethanesulphonate (AE-OTf)
Recently another sensitive HPLC reagent for the determination of acidic DSP toxins was
reported. The extraction procedure was a slightly modified version of Pereira et al. An
aliquot 0.5 ml of the diluted extract (20 ml) in methanol was placed in a test tube and 75
pi of 15 mM of tetraethylammonium carbonate solution was added. The solvent was
removed under reduced pressure. The samples were then derivatised with 100 pi of 2.5
mM 2,3-(anthracenedicarboximide)ethyl trifluoromethanesulphonate (AE-OTf) (Fig.
1.13e). The mixture was vortexed for 30 seconds and allowed to react for more than 10
minutes at room temperature. The solvent was then removed under reduced pressure
and the residue dissolved in 200 pi dichloromethane for clean up on a silica cartridge.
The column was conditioned with 2 ml of dichloromethane, after loading, the sample
was rinsed with 200 pi of dichloromethane followed by 4 ml of
dichloromethane:acetone (975:25, v/v). The derivatives were eluted with 2 ml of
dichloromethane:acetone:methanol (95:5:10). The derivatives were first separated on a
silica gel column, then the target fraction was introduced into a Devosil ODS DKF
column by a valve switching device. Methanol:water (8:2) was used as the mobile
phase and the fluorescent intensities were monitored at 298 nm excitation and 462 nm
emission^'f 7-0-acyl-35- methyl okadaic acids have also been determined by this
method with slight modifications to the mobile phase composition^®^
1.2.2.3.3.1.7 Luminarine-3 (LN3)
More recently, a colleague, Marian Twohig, has demonstrated that, luminarine-3
(Fig. 1.131), a stable hydrazine derivative could successfully derivatise OA, DTX-2 and
DTX-1. The extraction procedure used was a modified version of that used by Lee et al.
An aliquot of the chloroform extract (0.5 ml) was dried under nitrogen, to this 50 pi of
l-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) 2-4 M, 50 pi of pyridine in
hydrochloric acid (100 mM) and 20 pi of 0.2% solution of LN3 in DMF. The mixture
was sonicated for 2 minutes and then allowed to react for 15 minutes at 50 °C. After the
reaction was completed 300 pi of water was added and the solution extracted with
40

2x400 jul of chloroform. The combined chloroform extracts were dried under nitrogen
and reconstituted in 200 gl of methanol for direct injection or 200 gl of chloroform for
solid phase extraction. For SPE of the derivatives, the chloroform solution was loaded
onto a 1 ml silica cartridge which was conditioned with 1 ml of chloroform. The
cartridge was then washed with 4 ml of 0.5% methanol in chloroform and the analytes
eluted with 6 ml of 2% methanol, the eluent is then dried under nitrogen. The
fluorescent derivatives are analysed by reversed phase HPLC with an excitation and
emission wavelength of 394 nm and 464 nm respectively-”*.

1.2.2.3.3.2 Liquid Chromatography Mass Spectrometry LC-MS
Pleasance et al. developed an LC-MS method, using an ionspray (ISP) interface and
atmospheric ionisation, for the determination of OA and DTX-1. A 2.1 mm internal
diameter column, packed with 201 TP and a flowrate of 200 pi per minute of mobile
phase acetonitrile:water (6:4) with 0.1% trifluroacetic acid was used in the LC system.
The LC column was connected to the ionspray interface with a fused silica capillary.
The positive ion ISP spectra of OA and DTX-1 were simple with abundant peaks due to
the protonated molecules (M+H)^ occurring at m/z 805 and 819 respectively. Thus
selected ion monitoring (SIM) at these m/z values was found to give the best sensitivity
and selectivity for the analysis of OA and DTX-1. This method was not as sensitive as
reported by Lee et al. for their HPLC-FLD method, but it did not involve any
troublesome derivatisation and clean-up stages. The detection limit was found to be 2
ng of toxin injected and linearity was observed for up to 50 ng of injected toxin. This
method was used to confirm the presence of OA in Prorocentrum concavum and in
natural populations of dinoflagellates from eastern Canadian waters^'*. This method was
used to detect DTX-2 in Irish mussels as well as 7-0-acyl derivatives of OA, DTX-1 and
DTX-2'”’.
An improvement to the LC-MS method was reported in 1992. A 1-mm internal
diameter column was used instead of a 2.1 mm. The mobile phase was aqueous
acetonitrile with 0.1% TFA, as before except a linear gradient of 40-100% acetonitrile
over 20 minutes was used instead of isocratic elution. Also a fully articulated version of
the ISP interface had been developed which allowed more accurate positioning of the
ISP needle in relation to the sampling orifice, and thus enabled a reduction in the
background chemical noise. These improvements resulted in a ten-fold increase in the
detection limit of the method and as a consequence, made it more sensitive than the Lee
HPLC-FLD method. The improved detection limits also allowed for the analysis of
whole mussel tissue^'”.
A further sensitivity increase of almost 10-fold was observed when methanol:water (7:3
with 0.1% TFA) was used as the mobile phase. The optimum mobile phase flowrate
was determined to be 20-30 pl/min and 7-0-acetylokadaic acid (AcOA) was
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successfully used as an internal standard. Aminopropyl silica packed in glass tubes was
used as a clean-up for shellfish extracts, this reduced interferences, allowed
concentration of the extract and also helped to protect the HPLC column. LC-ISP-MS
has shown itself to be a sensitive and selective method for the determination of OA and
DTX-1. This technique was used to unambiguously identify DTX-P^° and PTX-2^^' for
the first time in Italian mussels. Collision induced fragmentation before the sampling
orifice of the LC-MS or LC-MS/MS could be used to provide structural information
about the toxins or to provide eonfirmatory fragmentationThe CID spectrum of
DTX-2B showed the same fragmentation pattern as OA and DTX-2 suggesting DTX-2B
is a new isomer of OA. The structural similarity among DTX-2, OA and DTX-2B was
supported by repetition of analysis under different collision energies in both positive and
negative ion mode^^^
Okadaic acid derivatised with ADAM, was also analysed using LC-MS to see would it
increase the sensitivity. However the injection of a large excess of reagent on column
and side produets, and the preference of the ISP ionisation to favour polar molecules,
resulted in the underivatised approach providing better sensitivity^‘^
N-(9-acridinyl)-bromoacetamide (NABA) (Fig.

1.13k) proved to be a sensitive

fluorescent tag for carboxylic acids and okadaic acid^^f

When NABA was used to

derivatise OA and DTX-1 the products formed were five times more sensitive than the
underivatised standards. The NABA-derivatised analytes were well resolved on C-18
LC and showed good shaped peaks when protonated.

It is the protonated nitrogen,

which also helps the sensitivity under ISP conditions, as the ion evaporation process
favours pre-formed ions in solution^'f The LC-MS analysis of DSP toxins derivatised
with BAP has also been reported, James et al. used this technique to confirm the
presenee of OA and DTX-2 in Dinophysis acuta

The LC-MS of DSP toxins

derivatised with 4-bromomethyl-7-methoxyeoumarin (BrMmc) has also been reported^'f
Therefore, this method can be useful for additional eonfirmatory evidence for the
identity of a toxin.
A specific method for DSP toxins in phytoplankton extracts using LC-MS has been
developed by Quilliam"^-

It is also possible to rapidly determine DTX-4 and OA-

DE4 in plankton extracts using LC-UV as these compounds have a diene moiety. Using
negative ionspray with an aqueous aeetonitrile gradient, OA, DTX-1 and DTX-4 were
determined directly in extracts of P. lima. Although the (M-H) ion of DTX-4 was not
observed at 1471.6, this toxin was readily detected by the (M-3H)^' and (M-2H)^' ions at
489.9 and 735.3, respectively. These studies also showed the presence of other
compounds related to DTX-4 which contained an additional hydroxyl and sulphate
groups and it is probable therefore that many more analogues of OA will be identified in
the future.
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1.2.2.3.3.3 Capillary electrophoresis
Capillary electrophoresis (CE) is complementary to HPLC, it provides a different
selectivity because separation is based on differences in the charge to mass ratio of
analytes as opposed to partition of solute between a mobile phase and stationary phase.
A small volume of sample 0.2% of the column volume is injected into flexible capillary
tubing filled with buffer, an electric potential is then applied across the capillary.
Boland et al. used CE with optical detection at 200 nm for the analysis of OA in semi
purified marine samples previously screened LC-protein phosphatase’’^ The surfactant,
sodium dodecyl sulphate which incorporates OA into its hydrophobic cavity, was added
to the electrolyte solution used in the CE method, this allowed OA to migrate as a
charged molecule.
A variety of separation principles have arisen from CE. Micellar electrokinetic
chromatography (MEKC) is one such principle and is an interface between
electrophoresis and chromatography. Neutral compounds miay be separated using this
technique in which ionic micelles migrate in the field and the effective mobility of the
analyte is determined by the partition between the solution and micelle. This method
was applied to the determination of OA and DTX-2 in crude extracts in Prorocentmm
lima. However, the results obtained, were not confirmed by spiking experiments or by a
separate reproducible method eg. HPLC with fluorimetric or mass spectrometric
detection’’\
The coupling of CE to mass spectrometry (MS) has been recently reviewed, it has been
indicated that the major advance in CE-MS has been in the development of interfaces
to couple electrospray and continuous fast atom bombardment’^ Pleasance et al. have
used a coaxial interface for the analysis of OA by CE-MS however, significant
improvement in sensitivity needs to be made to this CE-MS method to offer an
alternative to the current LC-MS methods available for the determination of DSP
toxins”.
1.2.3

PECTENOTOXINS (PTXS)

1.2.3.1 The isolation and structural determination of Pectenotoxins (PTXs)
In 1983, Yasumoto et al. isolated another class of DSP toxins known as pectenotoxins.
The pectenotoxins (PTX) (Fig 1.14) were named after the genus of the scallop
(Patinopecten yessoenis) from which the toxins are extracted^*.
Five neutral
pectenotoxins were isolated initially (PTX-(l-5)), but only the structures of PTX-1 and
PTX-2 were determined initially. Pectenotoxins are readily distinguishable from the OA
class of DSP toxins by their strong UV absorption at 235 nm. Pectenotoxins have a C40
backbone and a C33 lactone ring and a novel dioxybicyclo moiety.
In 1986, the structure of PTX-3 was reported”^ Later two more acidic pectenotoxins
were isolated from toxic Patinopecten yessoenis scallops and the structure of PTX-6 was
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determined'^ PTX-7 was shown to be 7-e/?/-PTX-6 and PTX-4 to be 7-ep/-PTX-l'\
The absolute configuration of PTX-6 was recently determined^^^ Not enough compound
was available to fully determine PTX-5 but it gave a (M+H)^ ion at m/z 877 suggesting
that this compound is a dihydro derivative of either PTX-1 or PTX-4.
PTX-2 was found to be produced by Dinophysis fortii, the absence of other PTXs in this
dinoflagellate would suggest the oxidation of the C43 methyl group of PTX-2 takes
place in the hep atop ancreas of scallops''*.
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Figure 1.14 Structure of pectenotoxins.

1.2.3.2 Toxicity of PTXs
1.2.3.2.1 Toxicity and histopathological studies on the effect of pectenotoxins (PTXs)
The effects of PTX-1 on suckling mice differ considerably from those described for
DTX-1'^°'

PTX-1 caused severe damage to the liver at doses of 1000 |.ig/Kg body

weight, however histopathological examination of the small and large intestines, as well
as other visceral organs, showed no abnormal changes when compared with the
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respective control animals. By 60 mins after i.p. injection of the toxin the livers of mice
treated with 1000 pg/Kg were markedly congested and their surfaces appeared finely
granulated, multiple vacuoles appeared around the periportal region of the hepatic
lobules. Such appearance of the livers was essentially similar in mice injected with 500
or 700 pg/Kg at 24 hours after injection of PTX-1. Electron microscopic studies
confirmed that several portions of the microvilli of the hepatocytes became flat and
round and the plasma membrane was invaginated into the cytoplasm after 10 mins.
Within 30 minutes, vacuoles in the hepatocytes had increased in size and most of the
microorganelles had become compressed. By 60 minutes many vacuoles in the
hepatocytes were fused and divided into several lobules by fine cytoplasmic protrusions.
Occasionally hepatocytes with numerous swollen mitochondria were seen^^’.
PTX-1 and PTX-2 caused no discernible change in the small intestines or the liver of
mice or Wistar rats when administered orally (in the same concentrations as described
for OA and DTX-1). When PTX-1 and PTX-2 were injected i.p. they caused ascites and
fluid accumulation in the thorax and pericardium of mice and rats after 4 hours. The
villi of the small intestine was edematous. Capillaries in the villi were dilated and oozed
blood plasma into the lamina propia. PTX-1 at the dose given i.p. did not kill the mice
and rats for up to 24 hours after administration^^7
Non-fatty vacuoles also occur in the hepatocytes located in the subcapsular regions of
the liver. The cytoplasm of the hepatocytes was occupied by numerous vacuoles often
connected with sinusoids, which led to the compression of the micro-organelles. The
vacuoles contained erythocytes and strands of fibrin. Occasionally, degeneration and
swelling of the sinusoidal lining cells was seen and often an accumulation of blood
platelets occurred in the sinusoids around the injured hepatocytes'^^
More recently PTX-2 has demonstrated toxicity against human lung, colon and breast
cancer cell lines^"'.

1.2.3.3 Methods for the determination of PTXs
1.2.3.3.1 Bioassays
Pectenotoxins can be detected using the adult mouse bioassay as described previously
(section 1.2.2.3.1.1).
1.2.3.3.2 Biochemical assays
Pectenotoxins can be detected using a cytotoxicity assay as described previously
(section 1.2.2.3.2.1).
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1.2.3.3.3 Chemical assays
PTX-1 and PTX-4 have prim.ary hydroxyl groups and can be converted into fluorescent
esters by derivatisation with 1-anthroylnitrile in the presence of trimethlyamine.
Chromatographic separations were achieved on a Develosil ODS column with a
acetonitrile:water (8:2) mobile phase. The excitation and emission wavelengths for the
analysis are 365 nm and 465 nm, respectivelyPTX-2 and PTX-3 can be analysed
on a Develosil ODS column with mobile phase (65:35) with UV detection at 235 nm'\
PTX-6 and PTX-7 have a carboxyl group in the molecules and can be detected by
derivatisation with ADAM followed by fluorimetric detection, in the same manner as for
okadaic acid class of DSP toxins. They are seen to elute before OA in a chromatogram
of a DSP toxin mixture, carried out using the Lee et al. method of analyst
The LC-MS determination of PTX-2 has also been reported^^', ion-spray LC-MS as well
as UV-diode array detection was used to confirm the presence of PTX-2 in
dinoflagellate D.fortii.
1.2.4 YESSOTOXINS (YTXS)
1.2.4.1 The isolation and structural determination of yessotoxins (YTXs)
The third class of DSP compounds are called yessotoxins. Yessotoxin was isolated from
toxic Patinopecten Yessoenis scallops collected from Mutsu Bay, Japan in 1986^^^ DSP
incidents were frequent in this area and YTX occurred together with DTX-1 and DTX-3.
It was tentatively included in the DSP family.
Using NMR spectroscopies^^” and FAB MS/MS^^' elucidated the planar structure of YTX
(Fig. 1.15). The absolute configuration of YTX was recently determined^^l YTX is a
disulphated polyether toxin with the molecular formula C55Hgo02iS2Na2, it resembles
the brevetoxins and ciguatoxins in having a ladder shaped polycyclic ether skeleton. It
has continuous trans-fused ether rings, one eight membered, one seven membered and
nine six

membered rings^^”.

In

1993, two new yessotoxin

analogues,

45-

hydroxyyessotoxin (45-OHYTX) and 45,46,47-trinoryessotoxin (norYTX) were isolated
from infested scallops in Mutsu Bay^”. In 1996, homoyessotoxin (homoYTX) and 45hydroxyhomoyessotoxin (45-homoYTX) were isolated from mussels collected in the
northern Adriatic Sea^^f

Recently YTX was isolated from cultures of the marine

dinoflagellate Protoceratium reticulatium and demonstrated the biogenetic origin of

YTX^^^
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Figure 1.15 Structure of yessotoxin and analogues.
1.2.4.2 Toxicity of YTXs
1.2.4.2.1 Toxicity and histopathological studies on the effect of yessotoxins (YTXs)
In comparison with OA and PTX-2, YTX showed the least toxicity toward isolated
hepatocytes. YTX induced tiny blebs on the cell surface in the concentration range 2030 pg/ml while the spherical shape was maintained'^^ Unlike OA and its derivatives
YTX does not show any diarrheagenicity nor inhibition of protein phosphatase 2A'^'.
The lethal dose of yessotoxin following i.p. injection to mice was found to be 100 pg/kg
body weight which makes it the most potent of DSP toxins. Toxicity of YTX and
desulphated YTX was assayed in 5-week-old mice (23-25 g) by i.p. injection.
Chemically prepared desulphated YTX was used for comparison due to the fact that
desulphation from steroids or bile acids by intestinal bacteria is a well-known
phenomenon. With i.p. injections of at least 300 pg/Kg body weight of YTX almost all
mice showed normal behaviour for the first few hours but then suddenly dyspnea set in
and they died. No discernible changes were observed in the liver, pancreas, lungs,
adrenal glands, kidneys, spleen and thymus. Mice that received 500 pg/Kg body weight
showed severe cardiac damage, similar hispathological changes in the heart are also
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induced by ciguatoxin^^^ Endothelial lining cells of the capillaries in the left ventricle
were swollen and degenerated. Almost all cardiac muscle cells were swollen. In
contrast, desulphated YTX caused only slight deposition of fat droplets in the heart
muscle. On the other hand, effects of desulphated YTX were observed in the liver and
the pancreas. Macroscopically, the livers were pale and swollen within 12 hours after
injection of 300 pg/Kg. Fine fat droplets were found in all hepatocytes in the lobuli.
Almost all mitochondria were slightly swollen and displayed reduced electron density.
Pancreatic acinar cells also showed degeneration. Disarrangement of the configuration
of the rough endoplasmic reticulum was prominent within 6 hours. Mice treated orally
with YTX at 500 pg/Kg body weight showed no changes, while mice given desulphated
YTX at the same dose developed fatty degeneration of the liver. Zymogen granules
disappeared from pancreatic acinar cells. The injuries in both organs were less than
those of mice after i.p. injection of desulphated YTX.
1.2.4.3 Methods for the determination of YTXs
1.2.4.3.1 Bioassays
Yessotoxins can be detected using the adult mouse bioassay as described previously
(section 1.2.2.3.1.1).
1.2.4.3.2 Biochemical assays
Yessotoxins can be detected using a cytotoxicity assay as described previously (section
1.2.2.3.2.1).
1.2.4.3.3 Chemical assays
Yessotoxin and 45-hydroxyyessotoxin can be analysed on a Develosil ODS column with
mobile phase methanoF.O.l M sodium phosphate buffer (9:1) and UV detection at 230
nm^”.
YTXs possess a conjugated diene in the side chain and yields fluorescent derivatives
when reacted with a fluorogenic dienophile, DMEQ-TAD^^*. A portion of the
hepatopancreas is extracted with aqueous methanol. After centrifuging, an aliquot of the
supernatant is cleaned up on a C-18 SPE tube before being derivatised with 50 pi of
DMEQ-TAD (0.1%) in CHjCf at room temperature for two hours. The reaction is then
quenched with methanol (50 pi) and then dried under nitrogen. The derivatives are then
loaded onto a Cl8 SPE with 0.5 ml of MeOH/H20 (3:7) and washed with 8 ml of
MeOH/H^O (3:7) and then eluted with MeOH/H20 (7:3). The fluorescent adducts give
two peaks due to the formation of (C-42) epimers in approximately 3:1 ratio. YTX and
45-OHYTX were separated using a COSMOSIL 5C18AR column with mobile phase 40
mM phosphate buffer (pH 5.8) and MeOH (3:7). For the determination of norYTX a
modified solution of 35 mM phosphate buffer (pH 5.8) and MeOH (4:6) was used. The
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flow rate was 1 ml/min, the column temperature was 35 C and the excitation and
emission were 370 nm and 440 nm respectively. The minimum detection level for YTX
was reported to be 1 ng.
A new method for the direct identification of YTX using liquid chromatography with
mass spectrometry and tandem mass spectrometry (LC-MS and LC-MS-MS) has also
been reported^^^
lonspray reversed phase LC-MS and LC-MS-MS was performed by isocratic elution at
30 pl/min, with a mobile phase of acetonitrile:4 mM ammonium acetate(8:2 v/v) using a
1.0 mm i.d. Cl 8 column. Full scan ionspray mass spectra of YTX, as acquired in single
MS negative ion at m/z 1141, assigned to the (M-2Na+H)' and the ion at m/z 1163,
assigned to the (M-Na)'.
Collision induced dissociation (CID) from the parent ion, at 1141 as obtained by
negative tandem mass spectrometry experiments showed the most intense fragment ions
in the higher mass region, at m/z 1061, m/z 925, m/z 855 and m/z 713 which are
characteristic of the structure of the molecule.
The confirmation of YTX in Italian shellfish collected in 1997 from the Adriatic sea was
successfully carried out using this method.

1.2.5

The

phytoplankton

responsible

for

diarrhetic

shellfish

POISONING

Dinophysis fortii was determined to be the organism responsible for the DSP incident
in Japan in the 1970's^f Also, the occurrence of Prorocentrum species and the
coincidental gastrointestinal illness of mussel consumers in The Netherlands implicated
this species in
Later, okadaic acid was isolated from Prorocentrum
When Dinophysis acuminata was reported to be responsible for a DSP incident in The
Netherlands, it increased the awareness that Dinophysis species other than D. fortii were
toxic^'*®. It is now accepted that DSP is caused by dinoflagellates of the Dinophysis and
Prorocentrum genera.
The inability to culture Dinophysis spp. in the laboratory continues to impede DSP
research. In addition, their low population densities in the sea, even in periods of
blooms, have prevented the confirmation of the toxicity of these algae. However, Lee et
al acquired unialgal samples of seven species of Dinophysis using a microscope and
selecting cells manually. D. fortii (Mutsu Bay, Japan) contained DTX-1 and PTX-2 ;
D. mitra (Mutsu Bay, Japan), D. roundata (Mutsu Bay, Japan), D. norvegica (Sogndal,
Norway) and D. tripos (Kesennuma, Japan) contained DTX-1 only; D. acuta (Vigo,
Spain), D. acuminata (Le Harve, France and Tokyo Bay, Japan) and D. fortii (Inland
Sea, Japan) contained OA only. Intra species variation in toxin content and profiles was
noticed which explains why it is difficult to correlate Dinophysis spp. populations with
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shellfish toxicity^'*'. Suziki et al. noticed that the concentration of DTX-1 in D. fortii
changed markedly (5-252 pg/cell) during experimental periods^^l The highest
concentration of DTX-1 in the midgut glands of scallops coincided with the period of
relatively high cell densities of D. fortii with the highest content of DTX-1 (252
pg/cell). The results demonstrated that the toxin content in the cells is an important
factor affecting the toxicity of shellfish^'^l Several cultured Prorocentrum spp. were
also examined for toxin content but only P. lima, which contained OA and DTX-1 was
found to be toxic^"’. Dickey et al. subsequently identified okadaic acid in a Caribbean
strain of Prorocentrum concavum^''\ Later a plankton sample containing D. acuminata,
D. acuta and D. rotundata from Spain were reported to contain DTX-2 as well as
The apparent global spreading of these toxic phytoplankton is a major problem for
shellfish growers and it is still not clear what conditions are necessary for these
organisms to bloom. Research in France found no relationship between Dinophysis
spp.
growth and availability of dissolved nutrients^'’^ Dense populations of
Di no flagellates seem to occur in the absence of turbulence, which leads to blooms in
predominately warm, stratified waters from late spring to early autumn. Dinophysis spp.
along the French Atlantic coast in 1989-1991 first appeared in the open sea when a
The
significant thermocline and stratification of the water column occurred.
phytoplankton were abundant in the thermocline layer, scarce below the layer and
absent near the bottom. The Dinophysis were carried into near shore waters by tidal
currents. Growth of Dinophysis occurred in nutrient impoverished waters and was not
correlated with inorganic nutrients. Stratification of sufficient magnitude and duration
were found to be the factors necessary for Dinophysis spp. cell increase-'*^ ""^.
1.2.6 Accumulation of DSP toxins by shellfish and subsequent
DEPURATION.
The following sections 1.2.6 and 1.2.7 are based on theses by Dr Sean Kelly"* and Dr
Eoin Carmody"^ and have been updated to include the most recent references.
1.2.6.1 Accumulation of toxins and local variability in toxicity
Okadaic acid and DTX-1 accumulation in mussels was monitored in the laboratory by
feeding acclimatised mussels daily rations of Prorocentrum lima. A slow build up of
toxin in the hepatopancreas occurred until day 14 of the experiment (1.2 to 2.0 pg/g
hepatopancreas), followed by a peak of 3.8 pg/g on day 16 with a rapid decrease there
after to previous values. This experiment showed that the two toxins studied did not
accumulate as a progressive long-term build up, under these experimental conditions.
The OA and DTX-1 content in the mussels changed similarly with time and in the ratio
as in P. lima cells. Therefore, it was suggested that these toxins took part in the same
metabolic reactions and that no bioconversion occurred between them^''^
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Bivalve shellfish accumulate toxins predominately in their hepatopancreas, after feeding
on toxic algae. Edebo et al. found that mussels monitored in Swedish waters had the
ability to accumulate toxins very rapidly during toxic periods. The okadaic acid level in
mussels from one site increased from 0.4 to 5.4 pg/g hepatopancreas in a week. This
revealed that the weekly monitoring of shellfish toxicity, which is practiced in many
countries, is not enough to ensure shellfish quality^‘’^
Toxin concentrations vary considerably between adjacent mussels, and even more so,
between mussels grown at different depths along the same ropes.

Therefore it is

important when sampling to take a composite sample of mussels from different

depths''"'
Toxin concentration in mussels from different sites in the same area has also been found
to vary considerably. Irish mussels have been shown to vary between 6.3 and 0.0 pg/g
hepatopancreas when sampled from neighbouring sites on the same day in Glengariff,
Co. Cork. These fluctuations present difficulties in obtaining representative samples,
particularly for the regulatory authorities responsible for ensuring safety of shellfish''’".
1.2.6.2 Factors affecting shellfish depuration rates
Mussels also show a remarkable ability to cleanse (depurate) themselves in the absence
of toxic dinoflagellates. The DSP toxin concentration in samples from a Swedish and
Irish mussel site decreased from 7.2 to 1.8 pg/g hepatopancreas, and from 2.08 to 0.28
pg/g hepatopancreas respectively, in a week''*^''’". These findings appear to be somewhat
different from those observed in The Netherlands, where it took four weeks for mussels
in water temperatures of 14-15 °C to depurate in the absence of toxic dinoflagellates"^
However, in the Dutch case a rat feeding test was used which is only a semi quantitative
toxicity test and therefore these results represent the time required for the total
depuration of highly toxic mussels.
It has been reported that shellfish in Japanese waters also proved to have fast natural
depuration rates. Toxic mussels, placed in a laboratory tank, eliminated half their toxin
content in a week. However, the toxicity decreased exponentially, and it took 30 days
to reach trace levels of toxicity"'. Mussels in the Gulf of Trieste underwent a two stage
decontamination phase in 1989.

There was, at first a rapid fall in mussel toxicity,

followed by a levelling off of toxin content.

The patterns of contamination and

decontamination are specific for shellfish and do not seem to depend on the type of
dinoflagellate toxin'".
Toxin content in scallops was found to increase, despite a decrease in toxic
phytoplankton, which suggests that the scallops accumulated and depurated toxins
slowly. It is thought that scallops accumulate toxins more slowly and have a very slow
depuration rate compared to mussels'".
It has been reported that low water temperatures and low nutrient levels slow down both
metabolism and the rate of depuration of mussels.
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Mussels have shown effective

cleansing rates, even at low temperatures, when the sea contains an abundance of non
toxic phytoplankton such as certain diatoms^''*-Kikuchi et al. found that the toxicity
of scallops could be decreased by cultivation in the absence of toxin producers if an
appropriate non-toxic phytoplankton was supplied as feed^^f Another important fact is
that when there are only low cell numbers of toxic species in the water of shellfish
growing areas and this is coupled with low populations of non toxic species, then
appreciable toxicity can result, especially during colder periods^^^
French researchers have estimated that about 30 days are necessary to eliminate any
detectable trace of toxins from relatively toxic mussels (3 MU/g hepatopancreas),
transferred to a site without Dinophysis and with a good supply of nutrients. About 20
days are needed for these mussels to reach the regulatory limit for DSP toxicity in Japan
(0.5 MU/g hepatopancreas). This interval decreases when toxicity is lowef In Japan,
it was noticed that high toxicity occurred in mussels from the middle of Shizugawa Bay,
while mussels from the innermost part of the bay shov/ed much less toxicity'^k Sedmak
et al. found that a deep closed bay and abundant freshwater inflow, are the main
conditions for low toxicity in mussels and for a shorter period of danger. Shellfish from
an almost closed inlet and with an abundant freshwater inflow at Lim Fjord, near the
Gulf of Trieste, showed no toxicity, although samples from the neighbouring open sea
were highly toxic”'. Also, mussels from a site near the mouth of a river in Sweden
showed little toxicity compared to neighbouring mussel sites, during a toxic period.
This is in agreement with theory that Dinophysis species originate in the sea and
dissipate as they encounter fresh water in the coastal area. The highest toxicity in
Sweden has been found to occur in an area, which is generally, has the highest
salinity^'’^

1.2.7 Global overview of DSP incidents, toxins and causative agents
It is important to note that DSP has now become a well-established global concern and
has reached all comers of the world.
1.2.7.1 Diarrhetic shellfish poisoning in Japan
In June 1976 and 1977, a major incident of DSP took place in the Tohoku district. 164
people suffered severe food poisoning after eating toxic mussels and scallops^k The
causative organism responsible for the incident was D. fortii which contaminated the
shellfish with DTX-Uf An additional 1257 people were poisoned between 1976 and
1984, following 34 separate DSP outbreaks”’. Although other Dinophysis species such
as D. acuminata were found to be responsible for DSP in Japan'’* it is normally blooms
of D. fortii which cause DSP in this region of the world. DTX-1 or occasionally its acyl
derivatives DTX-3, is the predominant toxin in Japanese shellfish.
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1.2.7.2 Diarrhetic shellfish poisoning in Europe
To date, Europe has experienced the greatest problems with DSP. The unpredictable
incidence of toxicity with its occurrence in all of the climatic regions of Europe has
resulted in severe economic consequences for shellfish producers. Shellfish production
areas have been closed for periods from a few weeks to a year in Spain, Portugal,
France, The Netherlands, Sweden, Norway, Ireland and Italy due to positive animal
bioassay responses or human toxic incidences'^*.
1.2.7.2.1 DSP in the The Netherlands
The first incidence of DSP in Europe occurred in 1961 when there were reports of
mussel poisoning in the Eastern Schelt region of The Netherlands.

Similar incidents

occurred in the eastern Schelt and Dutch Wadden Sea regions throughout the 1970s. A
few cases of DSP were reported from the Dutch Waddensea in 1976.

In addition there

were 30 incidents of shellfish poisoning in 1981 on one of the Dutch Wadden Isles^^'^^
OA was the toxin responsible and D. acuminata is the causative organism of DSP in the
Netherlands^''®.
1.2.7.2.2 DSP in France
In 1983 approximately 3,000 DSP type intoxications were recorded in southern Brittany
following the consumption of mussels. Studies carried out in southern Brittany during
1983-1984, revealed that numerous DSP intoxications were recorded following blooms
of D. acuminata along the French coast'^®. From 1984-1990, significant portions of the
French coastline suffered from regular occurrences of D. acuminata most of which
coincided with reports of DSP contamination of shellfish. OA was the toxin responsible
and D. acuminata is the predominant causative organism of DSP in France'^®.
\ 2.1.23 DSP in Spain
From 1977-1981, incidences of DSP have been recorded along the north-western coast
of Spain where both D. acuta and D. acuminata were associated with a DSP episode
which caused 5,000 cases of gastroenteritis.

Between 1990 and 1993 monitoring of

plankton hauls carried out in Ria de Pontevedra, revealed that OA was the predominant
DSP toxin, with small quantities of DTX-2, being detected in 57% of all the samples
analysed.

The species responsible for DTX-2 appears to be D. acuta, as during an

unusual proliferation of this species in December 1992, the occurrence of D. acuta
coincided with the period when DTX-2 was detected in algal samples^^f

Both D. acuta

and D. acuminata are the predominant organisms, with Prorocentrum lima also thought
to be a contributor to DSP toxins in Spain^®®-^®'. In 1993, LC-MS was used to determine
OA and DTX-2 in toxic mussels from the rias of La Coruna and Vigo^^l
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1.2.7.2.4 DSP in Portugal
In Portuguese coastal waters, DSP toxins have been detected in bivalves since 1987
although no human intoxications have been reported. An association was revealed
between shellfish toxicity in these regions and the occurrence of D. sacculus, D. acuta,
D. acuminata^^'In 1994, DTX-2 was identified in Portuguese shellfish using HPLC
with a standard supplied by our laboratory. Both okadaic acid and DTX-2 were
observed in all the samples studied, except for one period in April when okadaic acid
alone was present in some samples DTX-2 was seen in higher amounts than okadaic
acid^^f
1.2.7.2.5 DSP in Scandinavia
Norway and Sweden experience winter intoxications of shellfish with DSP toxin and the
shellfish remain toxic for up to six months^^f In autumn 1984, several hundred people
in Norway and Sweden were affected by DSP after eating mussels'^*Regression
analysis of the OA concentration in mussels and the cell numbers of phytoplankton
suggested that an outbreak of DSP on the Swedish West Coast was due to D. acuta^^^.
However, in a similar episode in Norway it was reported that D. acuminata was the
major source of toxin but that D. acuta and D. norvegica may have also contributed to
the toxicity of the shellfish'”. Toxic mussel samples collected from Arendal on the
south coast of Norway in 1985 and 1986, and samples collected from Sogndal in
Sogefiord of Norway were analysed for toxins. The Arendal samples were similar to
toxic mussels from most other European countries, in that okadaic acid was the
predominant toxin. The toxin profiles present in the Sogndal samples were more like
those found in Japanese shellfish as they contained DTX-1 and YTX. The difference in
toxin profiles between the two regions was surprising, as both D. acuta and D.
norvegica were the probable phytoplankton involved in both intoxications^^’.
Stabell et al. also noticed a complex toxin profile in Norwegian mussels. The shellfish
contained OA and DTX-1 as well as either pectenotoxins or yessotoxins, or unknown
toxins exhibiting icthytoxic and haemolytic properties’^*.

1.2.7.2.6 DSP in the Adriatic Sea (Slovenia and Italy)
A DSP outbreak occurred in Slovenia in 1989 with a total of eight Dinophysis species
detected. D. acuminata and D.fortii were the most frequent Dinophysis found’”. From
the months of September to October 1990 and May 1991 mussels from the Gulf of
Trieste were found to contain high levels of DSP toxins. Toxic levels of okadaic acid
and DTX-1 were observed in mussels after D. fortii blooms in autumn (1990), but not
after D. Acuminata blooms in spring (1991). It was concluded that D. fortii was the
probable source of DSP toxins in the northern Adriatic Sea’^^
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Mussels along the coast of Emilia-Romagna in Italy showed high levels of DSP toxins
in June 1989 and June 1991 and the mussels remained unfit for consumption until the
following January on both occasions. Okadaic acid was found to be the toxin
responsible for this toxicity. D. fortii was the dominant dinoflagellate in this area in
June and July, D. sacculus in August and September, D. fortii and D. caduata in
October and November and D. tripos in December of 1989”°’^^'.
Mussel samples collected in July 1990 from Trieste, Rimini and Ancona in Italy were
analysed for DSP toxins and were seen to contain toxic levels of okadaic acid. The
okadaic acid concentration of the mussels of the Rimini sample, determined by HPLC,
could not explain the high toxicity of the same sample in the mouse bioassay. This
suggested the presence of another toxin. The symptoms such as convulsions and
jumping of the mouse before death, suggested the presence of yessotoxin^^^ It was later
reported that pectenotoxins were not present in the Italian mussels and that the unknown
toxin(s) were not yessotoxin. New toxins were isolated and were found to have
cytotoxic activity against P388 murine leukaemia cells. They absorbed UV light at 205
nm but they did not form fluorescent esters with 9-anthryldiazomethane. They were also
thought to be of higher polarity than okadaic acid. However, the limited sample did not
allow further characterisations'll
PTX-2 was confirmed in D. fortii from the Adriatic sea using LC-MS and LC-UVDADss'

A bloom of Lingulodinium Polyedrum was observed in 1996 along the coast of the
Adriatic sea and a simultaneous marked increase in toxicity of mussels was detected by
DSP mouse bioassay. The PP2A inhibition assay selectively revealed the presence of
okadaic acid however, it did not explain the total toxicity. A new fluorimetric procedure
was used to identify yessotoxin and a new analogue homoyessotoxin^^l
Toxic mussels, M. galloprovincialis, from the mussel producing areas of Cesenatico
(Emilia Romagna, Italy) contained remarkable quantities of OA and YTX in June 1995.
OA was identified using fluorimetric HPLC (Lee et al)"'l YTX was confirmed by
comparison of the isolated toxic material with (IH) NMR and FABMS of the pure toxin.
Causative agents of the contamination could be associated with the simultaneous
presence of the following algae, D. sacculus, D. fortii, P. micans, P. minimum, P.
compressum, Alexandrium pseudagonylaux and gynodinium species^^l
1.2.7.2.7DSP in Scotland
In July 1992, a brown-red discolouration of a 10 Km stretch of water occurred along the
eastern shore of the upper part of Loch Long (a fjord like sea loch), on the west coast of
Scotland. Mussels were collected from that area and tested for toxins. All samples
tested positive for DSP toxins. At four sampling sites, the numbers of D. acuminata
ranged from 8,000 cells/L (Portincaple), to 103,000 cells/L (Ardmay), to 916,000 cells/L
(Arrochar) to 942,000 cells/L (Finart). D. acuta and D. norvegica were also present at
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all four stations. There were no reported cases of human intoxications, as the area is not
used for commercial shellfish farming^^f
1.2.7.2.8 DSP m Ireland
Diarrhetic toxicity in shellfish was first recorded in Ireland in 1984. Cases of DSP have
occurred each year from 1987 to date. An isomer of OA, dinophysistoxin-2 (DTX-2)
was identified for the first time in mussels from Ireland'®^ and both OA and DTX-2 were
present during a DSP episode in 199P^°.

DTX-2 was found to be the predominant

diarrhetic shellfish toxin in Ireland. In the period July-December 1991, mussels from
Bantry Bay in Southwest Ireland were found to have a complex toxin profile with OA,
7-0-acyl derivatives of DTX-2 and DTX-1 detected^'’^
1.2.7.3 DSP poisoning in the American continent
1.2.7.3.1 DSP in USA and Canada.
Between 1983 and 1985, four DSP intoxications occurred in Philadelphia and Long
Island, New York, after consumption of clams and mussels.

Dinophysis or

Prorocenlrum species were associated with the episodes but no chemical analysis was
caiTied out on the samples^’^

The first reported identification of DSP toxins in

Canadian shellfish was by Holmes in 1991 when he identified DTX-1 in mussels
collected in June-August 1989 from Prince Edward Island'^f
In August 1990, 13 people suffered gastroenteritis after consuming toxic mussels from
Mahone Bay in Nova Scotia. DTX-1 was found to be the toxin responsible for the DSP
incident and D. norvegica and P. lima have been implicated as the causative

organisms^''^
In June 1991, several reports of DSP poisoning in Nova Scotia were documented.
Although DTX-1 was detected in the shellfish, the amount was well below the toxicity
limit.

The toxicity was mainly due to unknown toxins which inhibited protein

phosphatase activity'^''-’^^ Mussels in Mahone Bay were again found to contain low
levels of DTX-1 in the Summer-Autumn period of 1992^^*.
A Prorocentrum lima strain was isolated from a phytoplankton net sample from the
Atlantic coast of Nova Scotia following the 1990 DSP incident. The strain was brought
to unialgal culture and it was revealed to produce OA and DTX-P^'. Okadaic acid has
been detected in natural phytoplankton assemblages dominated by Dinophysis spp. from
the Gulf of St. Lawrence, Canada-^^

During July-August 1990, D. norvegica was

reported to be responsible for a DSP outbreak in Bedford Basin, Canada. Cells sampled
in this period and analysed by immunoassay were shown to be toxic with respect to OA
and/or DTX-U^“. In July 1996, Prorocentrum lima cells were collected from mussel
long lines. Analysis by LC-MS confirmed the presence of OA, OA diol esters, DTX-1
and DTX-4'«°.
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1.2.7.3.2 Gulf of Mexico
Okadaic acid was detected in shellfish and phytoplankton in the Gulf of Mexico in
1990. Oysters collected during Autumn from Cedar Point Reef, Mobile Bay, were
shown to contain okadaic acid. Dinophysis caudata, a possible causative organism, was
detected in sea-water after the discovery of the toxicity. However, phytoplankton were
not sampled at the time when shellfish were collected and it was therefore impossible to
establish a correlation between D. caudata and the okadaic acid content in these
shellfish''^
1.2.7.3.3 DSP in South America
A massive DSP intoxication occurred in Puerto Aguirie, Chonos Archipelago, Chile in
January 1991. Toxicity in the shellfish lasted six months and also extended along the
inner coast. A maximum toxin concentration of 4 MU/g hepatopancreas was recorded
in January. D. acuta was thought to be the causative organism and okadaic acid, DTX1 and unknown toxins were detected in the shellflsh^
Eight species of the mussel, Aulacomya ater, collected at Pajal Island in February 1991;
30 specimens of the mussel, Mytdus chilensis, collected at Caleta Andrade in February
1991; and canned mussels, M. Chilensis, prepared in January from an unknown site,
were analysed by mouse bioassay and HPLC. The mouse bioassay gave a positive
result for the presence of DSP toxins in all three samples.
The mussels from Caleta Andrade contained DTX-1 as the major component and
okadaic acid as the minor toxin. Also 217 cells of D. acuta and 12 cells of D. rotundata
were found per gastrointestinal content of the specimen. The concentration of these
species in the water was 176 cells/1.
Both OA and DTX-1 were also present in canned mussels but their concentration was
too low to account for the mouse lethality, which suggested the presence of additional
toxins. The presence of neutral pectenotoxins was ruled out, as no toxicity was
observed on re-analysis of the neutral fractions following separation on alumina. All
samples were analysed for PTX-6 content by HPLC but it was not detected in any
sample. Mice, administered with the acidic fraction, died with vigorous convulsion and
jumping before death, which resembled the symptoms of mouse death due to injection
of yessotoxin. However there was not enough sample to positively identify the
presence of this toxin. D. acuta was found in both the gastrointestinal content of
mussels and the fluid in the cans.
Neither OA nor DTX-1 were detected in the mussels from Pajal Island and the alumina
fractionation could not demonstrate specific toxins. One possible source of toxicity
may have been DTX-3 which gives poor recovery from an alumina column. However,
it is too speculative to discuss the toxic cause in this sample. No Dinophysis spp. were
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detected in the water around Pajal Island at the time of sampling but 18 D. acuta cells
per specimen were detected in the gastrointestinal content of the mussels^^^.
DSP was detected in Uruguay in January in 1992, and was associated with D.
acuminata. Concentrations of up to 6,000 cells/L of seawater were found in some zones
including La Paloma. This was the first time this species was recorded in Uruguayan
waters and this DSP threat led to a partial ban on shellfish harvesting^*'.
1.2.7.4 DSP in other countries
DSP toxins were found to be present in shellfish from India in the years 1984-1986^*^
The occurrence of DSP in Australia, New Zealand'^"^'*^ and Indonesia has also been
reported^^’More recently YTX has been identified in mussels and P. reticulum using
fluorimetric HPLC^*f
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Chapter 2
DSP Methods and toxin profiles 1996-1997

2.1 INTRODUCTION
Diarrhetic shellfish poisoning is gastroenteritis caused by ingestion of shellfish
containing algal toxins. Since the first reports in Japan^^ the illness is now
recognised as a threat to public health and commercial shellfish production in many
countries particularly Europe. The toxicity in Europe is mainly due to the poly ether
toxin okadaic acid (OA)^^ However in Ireland a new okadaic acid isomer, DTX-2,
discovered in Bantry Bay by Canadian researchers'^, is predominant. Toxin profiles
of OA and DTX-2^''^ are complicated also by the presence of multiple 7-0-acyl
derivatives of these toxins'°^ Although dinophysistoxin-1 (DTX-1) is common in
Japan, it is rarely found in Europe although DTX-1 has been identified as the major
toxin in shellfish poisoning in Norway 241.267
The unpredictable incidence of toxicity, with its occurrence in all of the climatic
regions of Europe, has resulted in severe economic consequences for shellfish
producers. Shellfish production areas have been closed for periods from a few weeks
to a year in Spain, Portugal, France, The Netherlands, Sweden, Norway, Ireland and
Italy due to positive animal bioassay responses or human toxic incidences'^"
The development of suitable analytical protocols for DSP testing is, therefore, made
more difficult as a result of the presence of complex toxin profiles. In addition
problems have been reported in obtaining representative samples due to wide
variation in toxin levels in cultivated mussels^"*"'^^”.
Several assays have been reported in the literature for the analysis of DSP toxins.
These include bioassays’^ 124,126,156^ biochemical assays'^’''’"""^and chemical
assays'^While these are still the assays of choice of regulatory authorities
worldwide, for the control of shellfish toxicity, there is increasing pressure due to
ethical considerations to abolish testing on live animals. However, neither bioassays
nor biochemical assays give information on the specific types of toxins present in a
sample.
Thus, chemical methods are necessary to both quantitatively and
qualitatively analyse shellfish for DSP toxins. For this reason chemical testing has
become an important part of research programmes.
The first chemical method developed to analyse for DSP toxins in shellfish involved
the conversion of the acidic toxins to anthrylmethyl esters and the analysis of these
esters using HPLC with fluorescent detection'^^ This method involved an extraction,
a derivatisation, a clean-up and finally a chromatography stage and has now become
an established analytical method.
Initially this project started in 1991, two colleagues of mine. Dr Eoin Carmody and
Dr Sean Kelly, started monitoring for DSP toxins in mussels grown in Bantry Bay.
Neither yessotoxins nor pectenotoxins have been found in Irish shellfish^^^ and hence
the analysis of mussels was achieved using the acid specific fluorescent HPLC
methods. Initial shellfish testing was performed using the Lee et al. ADAM method.
Later, improved methods such as those reported by Stabell et al. and by Pleasance et
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al. were examined'*^^’
Also, the Dickey et al. BAP derivatisation method^*^ was
evaluated for its application to the analysis of the acidic DSP toxins found in Irish
shellfish. Monitoring revealed high concentrations of OA and DTX-2 during 1991
and 1994.
During these two toxic periods a large number of samples were taken and a lot of
analytical data collected^^^’“°.
A similar monitoring programme was undertaken for Castletownbere Bay during this
project. The methods used for the analysis of the mussels were the modified methods
of Lee et al. and Dickey et al. developed by Dr Eoin Carmody''^ and Dr Sean
Kelly”*. The monitoring allowed the robustness of the ADAM method to be
examined, it also allowed the BAP method to be validated, by comparing replicate
analysis of MUS2 reference standard and spiked mussel samples containing okadaic
acid. The development of a dual tag method was also evaluated.

2.2 ANALYTICAL METHODS
Two different fluorimetric HPLC analytical methods for the analysis of acidic DSP
toxins were used during the course of this project and are described in this section.

2.2.1 METHOD DEVISED BY LEE ET AL
This method described the extraction of the DSP toxins from the hepatopancreas of
shellfish, the derivatisation of the acidic toxins with 9-anthryldiazomethane (ADAM)
and the clean-up of the reaction products prior to analysis by HPLC”^
2.2.1.1 Extraction Procedure
Digestive glands (1 g) of shellfish was homogenised with 4 ml of aqueous 80 %
methanol for 2 minutes at room temperature. The homogenate was centrifuged at 3,000
rpm for 10 minutes and 2.5 ml of the supernatant was transferred to a test tube and
extracted twice with 2x2.5 ml portions of petroleum ether each time. Water (1 ml) and
chloroform (4 ml) were added to the lower phase, the mixture was then shaken for 20
seconds on a Vortex-Genie mixer and centrifuged. The lower phase was transferred to a
10 ml graduated test tube, and the upper phase was re-extracted with another 4 ml of
chloroform. The combined chloroform extract was diluted to 10 ml.
2.2.1.2 Derivatisation And Clean-Up Procedure
Chloroform extract (0.5 ml) was placed in a coloured vial and dried under nitrogen.
The residue was esterified in 100 pL of 0.1 % ADAM solution, for 1 hour in the dark at
25 °C. After evaporating the solvent, the reaction products were transferred to a 10 ml
syringe with 1 ml of hexanexhloroform (1:1) in three portions and loaded under mild
pressure to a Sep-pak silica cartridge column attached to the syringe. The cartridge
60

column was washed with 5 ml of the same solvent and then with 5 ml of chloroform.
The 9-anthrylm.ethyl esters of the DSP toxins were eluted with 5 ml of
chloroform:methanol (95:5). The eluent was concentrated, transferred to a coloured vial
and evaporated under nitrogen. The residue was dissolved in 0.1 ml of methanol, and
10 pL of this solution was injected into the chromatograph. The amount of toxin
injected corresponded to l/400th of that contained in 1 g of the digestive gland.
2.2.1.3 HPLC Procedure
Analysis of the toxin derivatives was carried out at room temperature on a Develosil
ODS-5 column (4.6 x 250 mm) using acetonitrile:methanol:water (8:1:1) as the mobile
phase. The flow rate was maintained at 1.1 ml/min. The excitation and emission
wavelengths were set at 365 nm and 412 nm, respectively.
Linearity of the fluorescence intensity (peak height) with the injected amount of
derivatised toxin standard was obtained between 1 and 80 ng (r = 0.999). When the
method was applied to spiked mussels the recovery of the toxin derivatives was in the
range of 95-98%. 400 ng/g was the lowest assayable concentrations of OA and DTX-1
in the digestive glands.
2.2.2 METHOD DEVISED BY DICKEY ET AL
This method involved the derivatisation of the DSP toxins with 1-bromoacetylpyrene
(BAP)“°. The same extraction and clean-up procedure was used as that reported by Lee
et al. (Section 2.2.1).
2.2.2.1 Derivatisation Procedure
0.5 ml of the chloroform extract was evaporated to dryness under nitrogen and
reconstituted with 0.5 ml acetonitrile. 0.4 ml of a 0.1% w/v BAP in acetonitrile solution
and 0.1 ml of 5% diisopropylethylamine in acetonitrile were added. The mixture was
placed in an ultrasonic bath for 10 minutes and heated at 75 °C for 15 minutes.
2.2.2.2 HPLC Procedure
Analysis of the toxin derivatives was carried out at room temperature on an Ultrasphere
XL-ODS column (4.6 x 70 mm) using acetonitrile:water (75:25) as the mobile phase.
The flow rate was maintained at 1.0 ml/min. The excitation and emission wavelengths
were set at 365 nm and 418 nm, respectively.
Linearity of the fluorescence intensity (peak height) with the injected amount of
derivatised toxin standard was obtained between 1.0 and 80 ng. When the method was
applied to spiked oysters the recovery of the toxin derivatives was greater than 95%, at
spike levels of 1.0 pg/g or larger. The lowest concentration analysed by the BAP
method was 62 ng/g which provided a recognisable peak response.
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2.3 MODIFICATION TO THE ESTABLISHED METHODS
With the experience of other researchers and the research undertaken by Dr Eoin
Carmody"'’ and Dr Sean Kelly"* modifications have been made to the two above
methods. Such alternations have been made in an attempt to optimise the accuracy and
precision of the methods, using the reagents and equipment that were available. In this
section the reasons for any modifications made to the original procedures are outlined.

2.3.1 MODIFICATIONS TO THE ADAM METHOD DEVISED BY LEE ET AL
This Lee et al. method"'^ with slight modifications has been adopted as the method of
choice for the analysis of DSP toxins. It is also used extensively world-wide, although,
due to its complexity several laboratories have not been successful in the application of
this method to the analysis of shellfish.
2.3.1.1 Modifications to the Extraction Procedure
In the original procedure by Lee et al."*^ the toxin content of 1 g of the hepatopancreas
of shellfish was extracted with 4 ml of 80% methanol.

Our studies have revealed

difficulties in obtaining representative shellfish samples, due to the horizontal and
vertical variation in toxicity levels^'*^'^^®. Therefore, to help overcome this problem an
increased sample size was found to be necessary. Hence, 6 g of hepatopancreas is now
taken and extracted with 12 ml of 80 % methanol.
It is important to note that the chloroform extracts, obtained by the Lee extraction
procedure, do not contain the 7-0-acyl derivatives of acidic DSP toxins, as they are
removed by the petroleum ether wash.
2.3.1.2 Modifications to the Derivatisation Procedure
Several authors have suggested that the method of derivatisation described by Lee et al.
is insufficient for complete reaction with toxins in some shellfish samples'*’'’. For this
reason all samples and standards are derivatised with, 0.2% instead of 0.1% w/v ADAM
in methanol solution, for 2 hours at room temperature. Also, the samples are placed in
an ultrasonic bath for 2 minutes after the addition of ADAM and at half-hour intervals
during derivatisation. This aids the disruption of micelles fonned by toxins and other
partly hydrophobic compounds, and as a result increases access to reactive sites on the
toxins by ADAM'”.
To increase the solubility of ADAM in methanol, the solid is first dissolved in a few
drops of acetone and then diluted with methanol.

We have also obtained cleaner

chromatograms by filtering the ADAM solution before use.
When analysing for the 7-0-acyl derivatives of DSP toxins by this method an aliquot of
the petroleum ether/hexane extract is hydrolysed to produce the original DSP toxins and
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free fatty acids. This solution is then neutralised with acid, the DSP toxins extracted
and determined by the modified Lee et al. method. The number of moles of free toxins
per gram of hepatopancreas is equivalent to the amount of 7-0-acyl derivatives present
in the original hepatopancreas
2.3.1.3 Modifications to the Clean-Up Procedure
The silica solid phase extraction (SPE) tubes and the solvents used in the clean-up
procedure have been found to be critical to the complete recoveries of toxin
derivatives'^f
As the activity of silica used in commercial SPE tubes varies considerably between
different manufactures and between different production lots, Quilliam has suggested
the preparation of custom SPE tubes from freshly activated silica, purchased in bulk'^f
However, the SPE tubes, which we obtain from Supelco in the U.K., have consistently
provided excellent recoveries of derivatised toxins. Therefore, for this reason we have
continued to use these tubes.
Commercial chloroform is also stabilised with varying percentages of ethanol. This can
lead to poor toxin recoveries after applying the Lee et al. clean-up method, as
chlorofomi is used to wash the silica resin, while chloroformmiethanol (95:5) is used to
elute the toxin derivatives. Therefore, it is apparent that if the ethanol content of the
chloroform is too high then these derivatives would be lost in the washings
Quilliam recently reported that 1.15 ± 0.05% is the optimum ethanol content for
chloroform used in the Lee et al. clean-up procedure'^f Ethanol content less than this
value leads to the inadequate clean-up of samples while higher percentages of ethanol
gives poor toxin recoveries.
2.3.1.4 Modifications to the HPLC Procedure
Quilliam has suggestedthat an excitation wavelength of 254 nm rather than 365 nm
increases the sensitivity of the Lee method but results in a loss of selectivity.
When the methanol content of the mobile phase is decreased the toxin peaks move to
longer retention times and they become more resolved. Therefore, for work other than
routine monitoring we generally decrease the percentage methanol in the mobile phase
and increase the percentage water correspondingly. Fig. 2.1 shows typical
chromatograms for an okadaic acid (A) and DTX-2 (B) standard derivatised with
ADAM, good linearity is achieved for both standards.
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Fig. 2.1
A) Anthryl methyl ester of OA after derivatisation with ADAM (14 ng on column;
tr==16.13 min).
B) Anthryl methyl ester of DTX-2 after derivatisation with ADAM (14 ng on column;
tr=17.56 min).
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow rate 0.5 ml/min; detection: X^^365 nm,
412 nm.

2.3.2 MODIFICATIONS TO THE BAP METHOD DEVISED BY DICKEY ET
AL
2.3.2.1 Modifications to the Extraction And Clean-Up Procedure
As the Dickey et al. method^®® uses the Lee extraction and clean-up procedures, any
modifications made to these stages of the Lee method were also incorporated into the
Dickey method.

23.2.2 Modifications to the Derivatisation Procedure

An extension of the derivatisation time from 15 to 30 minutes gave better calibration
curves. Also, we do not reconstitute the 0.5 ml chlorofomi residue in acetonitrile before
derivatisation.
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2.3.2.3 Modifications to the HPLC Procedure
Similar HPLC conditions to those used by Lee et al. were used, so that retention time
data for toxins, analysed under the same conditions but with different derivatising
agents can be compared. For this reason we have made the same modifications to the
BAP chromatographic conditions as were made to the ADAM chromatographic
conditions. However, with the BAP method excitation and emission wavelengths of
365 nm and 418 nm are always used. Fig. 2.2 shows typical chromatograms of okadaic
and DTX-2 after derivatisation with BAP.
2.3.2.4 Comparison of okadaic acid and MUS-2 reference material
2.3.2.4.1 MUS-2 extraction procedure
MUS-2 is certified to contain 11 pg/g Hp and 1 pg/g Hp of okadaic acid and DTX-1
respectively. The mass of the homogenised MUS-2 sample in the sample vial was
determined to be 3.541 g by weight by difference. The homogenised mussel was
transferred into a 50 ml centrifuge tube and 8 ml of methanol added. The mussel pellet
was then homogenised and then centrifuged at 3000 rpm for 10 minutes. The
supernatant was transferred into a 25 ml volumetric flask. The rotar on the homogeniser
was then rinsed with 8 ml of methanol:water (4:1) and added to the pellet. The pellet
was homogenised and centrifuged as before. The supernatants were combined and the
flask topped up to the mark with methanohwater (4:1). The resultant solution was split
up into 4 x5 ml and 1 x 4 ml fractions. These fractions were blown down to dryness
under nitrogen. The 4 ml fraction was reconstituted in 2.5 ml to yield a working
standard of 2.493 pg/ml okadaic acid and 0.02267 mg/ml DTX-1.

2.3.2.4.2 Derivation and HPLC procedure
The derivatisation and HPLC procedure were as section 2.3.2.2 and 2.3.2.3.
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Fig. 2.2
A) Pyrenacyl ester of OA after derivatisation with BAP (5 ng on column; tr=16.21
min).
B) Pyrenacyl ester of DTX-2 after derivatisation with BAP (7 ng on column; tr=17.35
min).
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow rate 0.5 ml/min; detection: 'k^^365 nm,
418 nm.
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2.3.2.4.3 Experimental results
Comparison of OA std. and MUS2 using BAP
OA standard N=22 (15 ng on column)
MUS2 N=25 (15 ng on column)
Peak areas
230637
313806
194153
250657
274616
311804
275012
286060
274023
347058
215798
235100
227923
107449
125564
123559
101087
127668
425875
346252
384822
218970

Peak areas
364425
332471
393734
368677
339074
219652
279625
226746
222113
205139
227504
234092
209325
217245
217081
92732
74757
98142
80571
335373
318856
327143
296674
97535
322229

The amount of OA to be injected was equivalent to 15 ng and the OA content in MUS2 was 2.15 ± 0.05 pg/ml which was 86% of the target value (2.49 pg/ml). A typical
chromatogram from the analysis of MUS-2 is shown in Fig. 2.3.
2.3.2.5 Recovery studies for okadaic acid using the BAP procedure
2.3.2.5.1 Procedure
The first part of this study examined the recoveries during the SPE stage, using
pyrenacyl okadaate (BAP-OA), the expected product from the derivatisation reaction of
OA with BAP. A sample of mussel hepatopancreas (non-toxic) was subjected to the
usual extraction procedure and aliquots (10 x 0.5 ml) of the chloroform extract were
spiked with BAP-OA (0.15 pg). After evaporation, five aliquots were subjected to the
SPE procedure and the remaining were made up in methanol (200 pi) but were not
subjected to SPE. Using 20 pi injection volumes, a comparison of the BAP-OA
chromatographic peak areas for the two sets of samples showed that the recovery using
SPE was 99 ± 3 %.

Quilliam''’'' has examined the SPE recoveries of the 9-

anthrylmethyl derivatives and showed that inconsistent performance was related to a
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variable ethanol content in chloroform. Similar variability in the SPE of pyrenacyl
derivatives was overcome by using ethanol free chloroform (stabilised with amylene)
and adjusting the ethanol content to an optimised value of 1.2 % v/v before use.

Fig. 2.3
Chromatogram of standard mussel material, MUS-2, derivatised using BAP.
Conditions: Ultremex C,8 column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow rate 0.5 ml/min; detection: A.g^365 nm,
418 nm. (Figure adapted from Kelly et ah, J. Chromatogr, Fig. 3, 749 (1996) 33-40)

2.3.2.5.2 Experimental results
Control peak area
262481
188607
207786
241273
198971
23426
25821
134878

Sepak peak area
218565
233099
205992
212852
195971
22792
22882
160774

Total = 1283243

Total =1272927

Percentage recovery = 99 ± 3 %
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2.3.2.6 Internal standard
The use of deoxycholic acid as an internal standard was first proposed by Stabell et al.
for the ADAM method.. DC A can also be used as an internal standard for the BAP
method (Fig. 2.4).

2.4 MODIFIED ANALYTICAL METHODS
The modified versions of the Lee and Dickey et al. analytical methods, which were used
routinely in this research project, are described in detail in this section.

Fig. 2.4
Chromatogram of three diarrhetic shellfish toxin standards, derivatised using BAP, 1.
OA (8 ng), 2. DTX-2 (13 ng), 3. DTX-1 (4 ng) and 4. deoxycholic acid (10 ng, internal
standard).
Conditions: Ultremex C,8 column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
acetonitrile-methanol-water (80:5:15); flow rate 0.5 ml/min; detection: >^ex365 nm,
418 nm. (Figure adapted from Kelly et al., J. Chromatg., Fig. 5, 749 (1996) 33-40)
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2.4.1 REAGENTS AND EQUIPMENT
2.4.1.1 Equipment
Solvent evaporator (Turbo Vap LV Evaporator, Zymark), homogeniser (Ultra-Turrax
T25, Jarke and Kunkel), centrifuges (Beckman model J2-21 and Easyspin, Sorvall
Instruments), vortex mixer (Maxi-Mix II Thermolyne type 37600), sonic bath (Sonicor
SC-42), LC pump (Shimadzu LC-6A), LC columns (Ultremex/Prodigy C-18, 5pm, 3.2
X 250 mm, Phenomenex, U.K.), LC pre-column (Ultremex/Prodigy C-18, 5pm, 3.2 x
250 mm), LC injector (Rheodyne model #7125), in-line filter (0.5 pm x 3 mm,
Rheodyne), LC column heater (HPLC Technology Ltd), fluorescence detector
(Shimadzu RF-551), chromatography data handling (Axxiom chromatography, model
717 ) and Chromatography Class VP (Shimadzu).
2.4.1.2 Reagents
Acetonitrile, methanol, water, hexane, petroleum ether (40-60°C) and chloroform
(stabilised with amylene) (Lab-Scan, Dublin). 0.45 pm filters (Gelman Ltd., Dublin). 9Anthryldiazomethane (ADAM) (Serva Feinbiochemica Gmbh., Heidleberg). 1bromoacetylpyrene (BAP), diisopropylethylamine and okadaic acid detection kit
(Aldrich Chemical Co., U.K.). Okadaic acid (OA) (>95%, Sigma Chemical Co. Ltd.,
U.K.) was used as the reference standard for this study. Standard DTX-2 (95%) was
prepared in our laboratories. A certified standard lyophilised mussel material
containing okadaic acid (Mus-2, NRC, Canada) was reconstituted in methanol to give a
mixture with 2.49 pg total toxins/ml (2.15pg OA and 0.34 pg DTX-l/mL).
2.4.2 MODIFIED EXTRACTION PROCEDURE
2.4.2.1 Extraction procedure for the acidic DSP toxins
Mussels (Mytilus edulis) (40-50 g total meat) were collected and only the
hepatopancreas was used for extraction. The shellfish hep atop ancreas (6g) was
homogenised with methanol/water (4:1) (12 ml). The homogenate was centrifuged at
3,000 rpm (10 min) and 2.5 ml of the supernatant was transferred to a test tube. The
supernatant was then washed with petroleum spirit (40-60 °C), 2 x 2.5 ml, by vortex
mixing for 1 minute. The upper layer was discarded each time and water (1 ml) and
chloroform (4 ml) were added to the residual solution and vortex mixed for 2 min.
After centrifugation at 3,000 rpm (5 min) the lower chloroform layer was transferred,
using a pipette, to a volumetric flask (10 ml). The chloroform extraction was repeated
and the extracts were combined and diluted to 10 ml.
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2.4.2.2 Extraction Procedure For The 7-0-Acyl Derivatives Of The Acidic DSP Toxins
The extraction procedure is as above except the acyl derivatives are extracted in the pet
ether wash.
2.4.3 MODIFIED DERIVATISATION PROCEDURES
2.4.3.1 Lee et al. Derivatisation Procedure
A 0.2% w/v ADAM solution was prepared by dissolving the solid in 50 pL acetone and
diluting with methanol. An aliquot of the chloroform extract (0.5 ml) was evaporated to
dryness using nitrogen and the residue was treated with 200 pL filtered ADAM
solution. The mixture was sonicated for 2 minutes, and at half hour intervals during
derivatisation. After an hour in the dark the solution was evaporated to dryness under
nitrogen and redissolved in chloroform:hexane (1:1).
2.4.3.2 Derivatisation Procedure For The 7-0-Acyl Derivatives Of The Acidic DSP
Toxins
The residue from the ether extract was dissolved in 2 ml 90% methanol/0.5 N NaOH.
After one hour at room temperature the solution was neutralised with 0.125 N HCL and
then extracted with 2 x 4 ml aliquots of chloroform. The combined extracts were
diluted to 10 ml, a 0.5 ml portion removed and the solvent evaporated. The residue was
derivatised and subjected to clean up and HPLC analysis, as in Sections 2.4.3 and 2.4.4.
2.4.3.3 Dickey et al. Derivatisation Procedure
0.1% w/v BAP and 5% diisopropylethylamine solutions in acetonitrile were prepared.
An aliquot of the chloroform extract (0.5 ml) was evaporated to dryness using nitrogen
and the residue was treated with 0.4 ml filtered BAP solution and 0.1 ml
diisopropylethylamine solution. The mixture was sonicated for 10 minutes, and heated
in the dark at 75 °C for 30 minutes. The solution was evaporated to dryness under
nitrogen and redissolved in chloroform:hexane (1:1).
2.4.4 MODIFIED CLEAN-UP PROCEDURES
A silica solid phase extraction (SPE) cartridge (Supelclean LC-Si, 3 ml, Supelco) was
conditioned with chloroform:hexane (1:1, 3 ml) and the sample applied to the cartridge.
After washing with chloroform:hexane (1:1, 5 ml) followed by chloroform (5 ml), the
toxin esters were eluted with chloroform:methanol (95:5, 5 ml). After evaporation to
dryness under nitrogen (Turbo Vap LV, 25°C), the residue was redissolved in methanol
(200 pL).
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2.4.5 MODIFIED HPLC PROCEDURES
HPLC

analysis was conducted at 30 °C using isocratic solvent mixtures,

acetonitrile:methanol:water of composition which varied between 80:10:10 and 80:5:15.
An Ultremex or prodigy C-18 column (5 pm, 3.2 x 250 mm) with a mobile phase
flowrate of 0.5 ml/min were used. 10-20 pL of sample was injected. The toxin
derivatives were monitored using a fluorimetric detector, with an excitation wavelength
of 365 nm and emission wavelengths of 412 nm (ADAM derivatives) and 418 nm (BAP
derivatives)
All results were based on peak areas related to a standard calibration using okadaic acid
(Sigma Chemical Co.) samples which were subjected to the same derivatisation and
SPE procedures (5 - 20 ng OA on-column). The detection limits for OA determination
with ADAM and BAP were 0.1 ng and 0.4 ng (3:1, signal:noise ratio), respectively.

2.5

CALCULATIONS

FOR THE

MODIFIED

ANALYTICAL

METHODS
The toxins were initially extracted from 6 g of hepatopancreas (HP). Assuming that 6 g
of hepatopancreas gives approximately 6 ml of water on homogenisation, then the
calculations are as followsToxin content of 6 g HP was extracted with 18 ml solvent
(12 ml 80% methanol and 6 ml water)
6x2 5
The toxin content of —g HP was contained in 2.5 ml supernatant

6x2 5
The toxin content of----- ^ g HP was contained in 10 ml chloroform
18

6 x2.5x0.5
The toxin content of------------- g HP was contained m 0.5 ml chlorofomi
18x10
.
^6x2.5x0.5
,
The toxin content of------------- g HP was derivatised
18x10
6x2.5x0.5
g HP was contained in 200 pL methanol
18x10
(prior to injection into the HPLC system)

The toxin content of

If a 20 pi injection volume was used then72

^ 6x2.5x0.5
...
The toxin content of-------------- g HP was iniected on column = x (g)
18x10x10
But also, the mass of toxin injected on column was calculated from an okadaic acid
standard calibration graph (ng) = y (ng)
y
The mass of toxin in ng per g of HP = —
X

Usually the toxin content is expressed as pg per g of HP and thus the formula becomes
I he mass of toxin in pg per g of HP = 0.24y

2.6 THE DEVELOPMENT OF A DUAL TAG METHOD FOR THE
CONFIRMATION OF SPECIFIC OA TYPE TOXINS IN
SHELLFISH AND ALGAE SAMPLES
2.6.1 Materials AND METHODS
2.6.1.1 Equipment
As section 2.4.1.1
2.6.1.2 Reagents
As section 2.4.1.2
2.6.1.3 Dual Tag method
The test makes use of the ADAM and BAP derivatisation methods. The test involves
derivatising two portions (sub samples) of a mussel or algae extract separately i.e one
extract is derivatised with ADAM and the other with BAP. The two sub samples
undergo the same derivatisation and SPE protocols as outlined previously. The sub
samples are then combined and analysed as a single sample.
The method is designed for qualitative analysis, and is based on the relative retention
times for both ADAM and BAP derivatives of a specific toxin. The BAP method is
approximately four times less sensitive than ADAM therefore four times more sample
was derivatised with BAP.
As the BAP excitation and emission give cleaner baselines the combined ADAM and
BAP sample was monitored at 365 nm and 418 nm respectively.
Initial experiments involved the optimised gradient elution of the ADAM and BAP
derivatives of OA and DTX-2. The first gradient used the linear increase of
acetonitrile:water from an initial concentration of 50% to 100% acetonitrile over 40
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mins. The results of the chromatographic run are summarised in Table 2.1. The second
gradient employed involved the same linear gradient but this time it was over 80 mins.
The results are summarised in Table 2.2.
Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2

Rt. (min)
35.6
35.97
37.45
37.71

Peak area.p;.:,.' -: .
22043272
12327196
13899844
15483987

Table 2.1
Chromatographic data of two DSP toxins (OA and DTX-2) derivatised with ADAM and
BAP.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient. acetonitrile:water (initial 50:50, end 100:0 over 40 min); flow rate 1.5
ml/min; detection: X^^365 nm,
Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2

418 nm.

Rt. (min)
48.73
52.25
49.9
52.95

Peak area
13247510
9342564
7565254
10036947

Table 2.2
Chromatographic data of two DSP toxins (OA and DTX-2) derivatised with ADAM and
BAP.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient, acetonitrile:water (initial 50:50, end 100:0 over 80 min); flow rate 1.5
ml/min; detection: X,gx365 nm,

418 nm.

The above retention time data as well as gradient conditions, column length and
volume, and Dwell volume of the pump were entered into Dry lab optimisation
software. The optimised separation gradient was a linear gradient increasing from 52 %
to 71 % acetonitrile over 61 minutes. Retention time data for the optimised gradient are
summarised in Table 2.3.
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Rt. (min)
33.08 ""
35.28
38.87
40.34

Peak assignment
ADAM-OX'^
BAP-OA
ADAM-DTX2
BAP-DTX2

'

Peak area
6880453
5383408
8251190
1852910

Table 2.3
Chromatographic data of two DSP toxins (OA and DTX-2) derivatised with ADAM and
BAP using the optimised gradient conditions.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient, acetonitrile:water (initial 52:48, end 71:29 over 61 min); flow rate 1.5
ml/min; detection: X^^365 nm,

418 nm.

Since the optimised gradient gave a good separation between the ADAM and BAP
derivatives another DSP toxin, DTX-1, was investigated. Both derivatives of DTX-1
were analysed using the optimised gradient. Good separation was achieved (Table 2.4)
Peak assignment
ADAM-DTXl
BAP-DTXl

Rt. (min)
46.13
52.59

Peak area
2498432
1385773

Table 2.4
Chromatographic data of DTX-1 derivatised with ADAM and BAP using the optimised
gradient conditions.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient, acetonitrile:water (initial 52:48, end 71:29 over 61 min); flow rate 1.5
ml/min; detection: A.g,^365 nm, X^^^ 418 nm.
Since this gradient offered the potential separation of another DSP isomer, the
separation of the derivatives of another DSP isomer DTX-2b was also investigated. The
retention profiles of its derivatives are summarised below Table 2.5.
Peak assignment
ADAM-DTX2B
BAP-DTX2B

Rt. (min)
43.08
44.54

Peak area
4183522
2116142

Table 2.5
Chromatographic data of DTX-2B derivatised with ADAM and BAP using the
optimised gradient conditions.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient, acetonitrile:water (initial 52:48, end 71:29 over 61 min); flow rate 1.5
ml/min; detection: X^^365 nm,

418 nm.

A combination of the ADAM and BAP derivatives of the above toxins were prepared.
The resultant chromatogram of ADAM derivatives Fig. 2.1 A and BAP derivatives Fig.
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2.IB shows good separation between the isomers. Retention data is summarised in
Table 2.5
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Fig. 2.5
A) Chromatogram of four diarrhetic shellfish toxin standards, derivatised using ADAM,
1. OA (15 ng), 2. DTX-2 (15 ng), 3. DTX-2B (10 ng) and 4. DTX-1 (15 ng).
B) Chromatogram of four diarrhetic shellfish toxin standards, derivatised using BAP, 5.
OA (45 ng), 6. DTX-2 (45 ng), 7. DTX-2B (30 ng) and 8. DTX-1 (45 ng).
(HPLC conditions Table 2.5)
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Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2
ADAM-DTX2B
BAP-DTX2B
ADAM-DTXl
BAP-DTXl

Rt. (min)
31.85
33.82
37.57
38.82
41.95
43.08
48.98
51.21

Peak area
5810252
4234751
5702506
4363568
5310009
3081678
4042575
2195897

Pe;^ height ^ Resolution
162152
2.04
115419
3.66
141443
110299
1.18
127868
2.91
79673
1.06
5.44
94298
55910
2.05

^

Table 2.6
Chromatographic data of four DSP toxins (OA, DTX-2, DTX-2B and DTX-1)
derivatised with ADAM and BAP using the optimised gradient conditions.
Conditions: Envirosep-pp PAH column (250 x 3.2 mm, 5 mm) at 35 °C; mobile phase:
Linear gradient, acetonitrile:water (initial 52:48, end 71:29 over 61 min); flow rate 1.5
ml/min; detection: A.g^365 nm,

418 nm.

Since all chromatography runs had been recorded at 35 °C, it was thought that varying
the temperature may improve separation. Table 2.6 represents the resolution obtained at
35, 37, 39 and 45 °C using the optimised gradient.

Resolution
Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2
ADAM-DTX2B
BAP-DTX2B
ADAM-DTXl
BAP-DTXl

35°C

37°C

39°C

45°C

2.04
3.66
1.18
2.91
1.06
5.44
2.05

1.70
3.52
1.09
2.87
0.90
5.22
1.84

1.71
3.65
1.01
3.10
0.86
5.57
1.72

1.50
4.24
0.74
3.49
0.53
6.17
1.40

Table 2.7
Resolution data obtained at various temperatures using the optimised gradient.
Improved separation between the derivatives was achieved by modifying the gradient.
Fig. 2.6 and 2.7 shows the separation of the derivatives using the same linear gradient
but extending the run time to 80 and 100 min respectively. Tables 2.7 and 2.8 represent
the resolution data from Fig. 2.6 and 2.7 respectively
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Fig 2.6 Chromatogram of four diarrhetic shellfish toxin standards, derivatised using
ADAM and BAP, 1. ADAM-OA (15 ng), 2. BAP-OA (45 ng), 3. ADAM-DTX-2 (15
ng), 4. BAP-DTX-2 (45 ng), 5. ADAM-DTX-2B (10 ng), 6. BAP-DTX-2b (30 ng), 7.
ADAM-DTX-1 (15 ng) and 8. BAP-DTX-1 (45 ng).
HPLC conditions: 5 gm Envirosep-pp PAH column (3.2x250 mm); gradient elution
52-71% acetonitrile over 80 min. Column temperature 35°C
Peak assignmentRt. (min)
Peak area
Peak height Resolution
ADAM-OA
33.27
26674432
619557
35.62
23785802
501151
1.95
BAP-OA
518039
ADAM-DTX2
39.87
22972076
3.48
BAP-DTX2
41.47
17101016
365369
1.32
ADAM-DTX2B
45.05
14441934
307834
2.87
46.52
273137
BAP-DTX2B
13179016
1.16
53.52
ADAM-DTXl
11938197
242023
5.39
201502
BAP-DTXl
56.32
10092777
2.12
Table 2.8
Resolution data for the eight derivatives.
Conditions: as Fig. 2.6

78

1

2
5

1

Lu
0

5

10

15

20

25

30

35

40

45

50

55

60

65

Time (min)

Fig 2.7 Chromatogram of four diarrhetic shellfish toxin standards, derivatised using
ADAM and BAP, 1. ADAM-OA (15 ng), 2. BAP-OA (45 ng), 3. ADAM-DTX-2 (15
ng), 4. BAP-DTX-2 (45 ng), 5. ADAM-DTX-2B (10 ng), 6. BAP-DTX-2b (30 ng), 7.
ADAM-DTX-1 (15 ng) and 8. BAP-DTX-1 (45 ng).
HPLC conditions: 5 gm Envirosep-pp PAH column (3.2x250 mm); gradient elution
52-71% acetonitrile over 100 min. Column temperature 35°C

Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2
ADAM-DTX2B
BAP-DTX2B
ADAM-DTXl
BAP-DTXl

Rt. (min)
35.2
37.93
42.75
44.62
48.77
50.50
58.68
62.00

Peak area
17984222
19896592
16581870
21364554
9655403
13867177
9412146
10631848

Peak height.
369211
398288
311210
402314
195080
255871
164413
184298

Resolution
2.08
3.61
1.36
3.04
1.26
5.52
2.17

Table 2.9
Resolution data for the eight derivatives.
Conditions: as Fig. 2.7
A summary of the resolution data for the three gradients used is given in Table 2.9
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Resol|ition
Peak assignment
ADAM-OA
BAP-OA
ADAM-DTX2
BAP-DTX2
ADAM-DTX2B
BAP-DTX2B
ADAM-DTXl
BAP-DTXl

61 min

80 min

100 min

2.04
3.66
1.18
2.91
1.06
5.44
2.05

195
3.48
1.32
2.87
1.16
5.39
2.12

2.08
3.61
1.36
3.04
1.26
5.52
2.17

Table 2.9
of the resolution obtained between the ADAM and BAP derivatives using the linear
gradient 52-71 %acetonitrile over 71, 80 and 100 min.
Summary

2.7 DSP PROFILES IN IRISH SHELLFISH '96-97
2.7.1 Materials and methods
2.7.1.1 Equipment
As per section 2.4.1.1
2.7.1.2 Reagents
As per section 2.4.1.2
2.7.1.3 Extraction, derivatisation and liquid chromatography procedures
The toxins were extracted from the hepatopancreas (HP) of the sampled mussels and
derivatised, following a modified procedure of Lee et al or Dickey et al (Sections 2.4.2
and 2.4.3)
2.7.2 Experimental results
2.7.2.1 DSP profile in 1996
The following table (2.10) represents the data collected from six sites at Ardgroom
Upper, Ardgroom Lower, Spanish Island, Castletownbere, Dereen and Colorous from
Castletownbere harbour during 1996. The data represents the concentration of OA and
DTX-2 determined in the mussel hepatopancreas (pg/g) from week #21-43.
tabulated data is graphically represented in Figs. 2.8 A-F.
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The

Ardgroom
Week#
21
22
23
24
23
26
27
28
29
30
31
32
33
34
35
36

OA
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

37
38
39

0
0
0

Upper

Ardgroom
OA
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.1

0T2

ous

0

0.06

0.1

0

0

0

0

0
0

0113
0
0

ns

ns

42

0

43

ns

ns

0

Spanish

DTX-2
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0112
0
0

40
41

Lower

0

Island

OA
pg/gHP
0
0
0
0------0------0------0
0------0
0------0------0------0
OAS
OT^
um,—

mxxi—
pg/gHP
0--------0--------0--------0--------0--------0--------0--------0--------0--------0--------0--------0--------0
0--------0.04

0117-------

----- U32----or-------OUB----- --------- 0--------0------0--------0113
0113------0------0--------ns

ns

ns

ns

Table 2.10
OA and DTX-2 concentration in mussel hepatopancreas determined, at Ardgroom
Upper, Ardgroom Lower and Spanish Island, from week# 21-43, 1996.
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32

UA
pg/gHP
0
0
0
0
0
0
0
0
0
0
0:35
0.2

35

0.56

34

0T2

Week#
21
22

23
24

25
26
27

28
29
30
3T

35

0.6

36
37
38

0T8

W
40
41
42
43

0.1
0
0

Dereen

Castletownbere

Colorous
D'rX-2
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0T2
0.3
OTTS
UU3
0

0
0

0377
0

ns
ns

ns
ns

DrX-2
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0

OA
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0T5
038

0.04

0.6

034
034

2.15
738

034
035
0.36

D'l'X-2
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.12
0358
0358

0.16
0

1.9

0772

0.06

on
0.3
034
1

0

0
0

0
033
0

ns
ns

ns
ns

OA
pg/gHP
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0

0.68

0.52

Table 2.10 (contd.)
OA and DTX-2 concentration in mussel hepatopancreas determined at Colouros,
Castletownbere and Dereen, from week# 21-43, 1996.
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Fig. 2.8A Toxin profile obtained for Ardgroom Upper ‘96
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Fig. 2.8B Toxin profile obtained for Ardgroom Lower ‘96
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Fig. 2.8C Toxin profile obtained for Spanish Island ’96
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Fig. 2.8D Toxin profile obtained for Colouros ‘96
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Fig. 2.8E Toxin profile obtained for Castletownbere ‘96
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Fig. 2.8F Toxin profile obtained for Dereen ‘96
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2.7.2.2 DSP profile in 1997

Colorous
Week#
6
10
14
19
20
23
25
27
28
29
30

31
33

Castletownbere

OA

DTX-2

OA

D’l'X-2

pg/gHP
0
0
0
0
0
0

pg/gHP
0
0
0
0
ns
0117
ns

ns

pg/gHP
0
0
0
0
0
0
0
ns

pg/gHP
0
0
0
0
ns
0
ns
0

ns
ns
0.1
0
0.56

ns
ns
0
0.11
0

ns
ns
ns
0
0

OTB

Ardgroom Upper
Week

#

OA
pg/gHP

0759
0

Ardgroom Lower

DTX-2
MQ/gHP
0

UA

0

0

0

0

ns

ns

0

0
0

0

0

ns

ns

ns

ns

0
0

OA
pg/gHP
0
0
0
0-------0-------ns
0:23-----ns
ns
ns
------ OT^^-----0-------0--------

Spanish

0

10

23
25
27
28
29
30
31
33

ns
ns
ns

pg/gHP

0

20

0757

DTX=2
pg/gHP

6
14
19

Dereen

0

0

0

0

ns
ns

ns
ns

ns
ns

ns
ns

0.11

0

0.11

0

ns
ns
ns

ns
ns
ns

ns
ns
ns

ns
ns
ns

0

0

0

0

UA
pg/gHP
------- 0------0
0
0------0
o:2H—

0T2----ns
ns

0------0759----------- 0------0-------

unc2—
pg/gHP
0---------0---------0---------0---------0---------ns
0---------ns
ns
ns
0---------0752-------0T9--------

Island
DTX-2
ng/gHP
0
0---------

0
0-------0-------0753
0--------ns
ns

0--------0--------0757------0---------

Table 2.11 OA and DTX-2 concentration in mussel hepatopancreas determined at
Colouros, Castletownbere and Dereen, Spanish Island, Ardgroom Upper and Ardgroom
Lower from week# 6-33, 1997.
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2.7.2.3 Discussion
The data in Tables 2.10 and 2.11 represent the concentrations of OA and DTX-2 in
mussel hepatopancreas (pg/g) for 6 sites from Castletownbere harbour during 1996 and
1997 respectively. OA was detected in mussels from Colouros at week 31 ’96, however
only mussels from Castletownbere exceed the limit of 0.8 pg/gHP for four weeks (#36,
37, 38 and 42) with the highest concentration at week 36 (2.49 pg/gHP). During 1997,
toxins were detected much earlier in the year (week 26) however toxin concentrations,
at each site, did not exceed the limit in the following weeks. Because of the low levels
of toxicity during 1996 and 1997 further studies such as vertical trends were not
undertaken. Analysis for the presence of DTX-3 was also negative.
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Chapter 3
Identification of DTX-2 in D. acuta

3.1 INTRODUCTION
The symptoms of human intoxication associated with DSP have been known since the
1960’s. Dinophysis and prorocentrum spp. have been suspected as the causative
organisms for almost as long^^’^^
Outbreaks of DSP in Japan in the 1970’s led to
the identification of DTX-1 as the major toxin. The causative organism was D.
fortiP\ Several Prorocentrum spp. have been successfully cultured in the laboratory.
Okadaic acid has been identified in laboratory cultures Prorocentrum lima^^,
Prorocentrum concavum^^^ and Prorocentrum hoffmannianum and more recently OA
and the rare toxin DTX-2 were determined in a strain of P. Lima^^\ However, the
inability to culture Dinophysis spp. in the laboratory has impeded research. Unialgal
dinoflagellate samples acquired by Lee et al., either wild or cultured, were tested for
production of diarrhetic toxins such as OA, DTX-1 or pectenotoxins. Of the
prorocentrum spp. that were examined only P. lima was found to be toxic, and
contained both OA and DTX-1. Seven species of Dinophysis were also examined,
unialgal samples were achieved by manually selecting cells, using a microscope and
micropipette, from mixes of wild populations. D. forth (Mutsu Bay, Japan) contained
DTX-1 and PTX-2, D. mitra (Mutsu Bay, Japan), D. roundata (Mutsu Bay, Japan),
D. norvegica (Sognal, Norway) and D. tripos (Kesennuma, Japan) contained DTX-1
only, D. acuta (Sognal, Norway) and D. norvegica (Arendal, Norway) contained OA
and DTX-1; D. acuta (Vigo, Spain), D. acuminata (Le Harve, France and Tokyo Bay,
Japan) and D. forth (Inland Sea, Japan) contained OA only^"*'. A plankton sample from
Spain containing D. acuminata, D. acuta and D. rotundata were reported to contain
OA and DTX-2'^L
The determination of DSP toxin profiles in shellfish and phytoplankton requires
sensitive high-performance liquid chromatographic (HPLC) methods with fluorimetric
or mass spectrometric detection. A number of fluorimetric derivatisation reagents have
been used for the analysis of DSP toxins and have been discussed in chapter 1 (fig 1.13).
Determination of OA (58pg/cell) and DTX-2 (78 pg/cell) in unialgal samples were
achieved using isocratic elution on a Cl8 reversed phase column with flurometric
detection (ADAM or BAP)
Liquid chromatography-mass spectrometry (LC-MS) has been shown to be a valuable
analytical tool for confirming the identities of known toxins and identifying new
compounds''*"’
in the toxin profiles of phytoplankton and shellfish. Micro
liquid chromatography - tandem mass spectrometry (pLC-MS-MS) is a particularly
useful method for handling very small samples with low analyte concentrations.
Research collaboration has been established with Dr Rosa Draisci, Istituto Superiore di
Sanita, Roma, Italy. Identification of DSP toxins was confirmed using isocratic micro
HPLC with tandem mass spectrometric (pHPLC-MS-MS) analysis of the free toxins and
pHPLC-MS of the BAP-derivatised toxins with an lonSpray (IS) interface, coupled to an
atmospheric pressure ionisation (API) source. In this chapter we report the application of
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sensitive high-performance liquid chromatographic methods to unambiguously identify
and quantify DSP toxins in Dinophysis acuta and, for the first time, to show that DTX-2
is produced by this dinoflagellate

3.2 MATERIALS AND METHODS
3.2.1
Reagents
9-anthryldiazomethane (ADAM, Serva Feinbiochemica, Heidleberg, Germany) and 1bromoacetylpyrene (BAP, Aldrich, Gillingham, UK) were purchased. All solvents were
HPLC grade and were purchased from Farmitalia Carlo Erba (Milan, Italy) or Labscan
(Dublin, Ireland). Water was purified in a MILLI-Q system (Millipore, Bedford, MA,
USA). OA was purchased from Boehringer (Mannheim, Germany) and a certified
reference standard solution (2.53 pg OA/ml) was obtained from the National Research
Council (Halifax, Canada). DTX-2 was isolated from naturally contaminated mussels as
described elsewhere''’^ Individual standard stock solutions containing 5 pg/ml of OA
and DTX-2 were obtained from the pure compounds by dilution with methanol.
Working solutions were obtained from standard stock solutions by appropriate dilutions
with methanol.
3.2.2 Experimental
3.2.2.1 Sample collection and preparation
The phytoplankton samples were collected from the subsurface (5-10 m depth) in the
coastal areas of Union Hall, County Cork, Ireland in August 1996, using a large 50/108
pm plankton net. Phytoplankton samples were preserved using dilute acetic acid,
observed under a microscope (magnification x 40) and counted by the Uthermohls
method^**. The natural phytoplankton community was dominated by D. acuta (70%)
although other planktonic organisms were also found including, Cemtiurn fusus (16%)
and Protoperidinium spp. (6%). 1 ml samples of this phytoplankton sample contained 2
- 12 X 103 cells of D. acuta and, after freeze-thawing to disrupt cells, this was extracted
with chloroform (2x3 ml) and the volume was brought to 10 ml. An aliquot (100 pi)
was taken for derivatisation using ADAM or BAP. Individual cells (20 batches of 100)
of D. acuta were collected from the microscope slides using a micropipette within 48 hr
of harvesting. The DSP toxins were extracted from the collected cells (100) by freeze
thawing and using chloroform (2 x 0.5 ml) with sonication. The combined extracts were
filtered (0.45 pm), evaporated under nitrogen, and dissolved in methanol (100 pi). This
solution was used for derivatisation with ADAM or BAP and used directly for the
pHPLC-MS-MS analysis (0.2 pi injection).
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3.2.2.2 Derivatisation with 1-bromoacetylpyrene (BAP)
Using acetonitrile as the solvent for all solutions, phytoplankton extract or OA. and DTX2 standards (0.25 - 1.25 pg, 100 pi), were derivatised according to the modified Dickey
et al. derivatisation procedure as per chapter 2, section 2.4.3.3. Solid phase extraction
was then carried out on the samples and standards as described in chapter 2, section
2.4.4.
3.2.2.3 Derivatisation using 9-anthryldiazomethane (ADAM)
Derivatisations using ADAM were carried out using a modification'^^ of the method
developed by Lee et al. (Section 2.4.3.1)"'^ All solutions containing ADAM were
protected from light and the same SPE procedure was used as in the BAP method.
3.2.2.4 Fluorimetric HPLC
The HPLC system consisted of a pump (LC-IOAD), column oven (CTO-lOA) and an
RF-551 fluorescence detector (Shimadzu, Duisberg, Germany) with an autosampler
(ISS-100, Perkin Elmer, Uberlingen, Germany). Isocratic HPLC, flow 0.5 ml/min, using
CH3CN/CH3OH/H2O (80:10:10 or 80:5:15) was perfonned with a Prodigy Cl8 column
(250 X 3.2 mm, 5 pm, Phenomenex, Macclesfield, UK), a precolumn (Prodigy Cl8, 30 x
3.2 mm, 5 pm) and an in-line filter (0.5 pm x 3 mm, Rheodyne, Cotati, CA, USA).
Chromatographic data handling was performed using Unipac Class-VP software
(Shimadzu) and data were transferred to Microsoft Excel for graphical presentation.
Gradient HPLC was performed using an Envirosep-PP column (250 x 3.2 mm,
Phenomenex) with a linear gradient of CH3CN/H2O (54 - 71% CH3CN, 61.5 min), at a
flow of 1.5 ml/min. This gradient was optimised using DryLab software (LC Resources,
Walnut Creek, CA, USA). Fluorimetric detection was used for both ADAM (excitation
365 nm, emission 412 nm) and BAP (ex 365 nm, em 418 nm) derivatives.
3.2.2.5 Micro HPLC-MS and Micro HPLC-MS-MS
Analyses were performed on a Phoenix 20 CU LC pump (Fison, Milan, Italy) liquid
chromatograph. A Valeo (Houston, TX, USA) injection valve, equipped with a 0.2 pi
internal loop, was used for the injection of samples. Separation of toxins was carried
out on a microcolumn packed with Supelcosil LC18-DB (Bellefonte, PA, USA) (300
mm X 1 mm, 5 pm) at room temperature, under isocratic conditions, with a mobile phase
of acetonitrile-water, 85:15 (v/v) containing 1% TFA and a flow rate of 30 pl/min.
Mass spectral analysis was performed on a PE-SCIEX API III (PE-Sciex, Thornhill,
Ontario, Canada) triple quadrupole. The mass spectrometer was equipped with an
atmospheric pressure ionisation (API) source and an lonSpray interface set at a voltage
of 5500 V. Ultra high purity (UHP) nitrogen was used as the curtain gas and nebulizer
gas in the lonSpray interface. Orifice potential voltage (OR) was set at 50 V. Full-scan
mass spectra were acquired in single MS positive-ion mode both in flow injection
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analysis (FIA) MS and in HPLC-MS experiments over the mass range m/z 700-1500.
Data acquisition for gHPLC-MS analysis of BAP-derivatised OA and BAP-derivatised
DTX-2 was performed by selected ion monitoring on the ion m/z 805, corresponding to
the protonated molecules, (M+H)^ of OA and DTX-2 and on the ion m/z 1048,
corresponding to the protonated molecules, (M+H)"^ of BAP-derivatised OA and BAPderivatised DTX-2.
Analyses of underivatised algal extract samples were performed by pHPLC-MS-MS
using selected reaction monitoring (SRM). The mass spectrometer was programmed to
transmit the protonated molecule, (M+H)^, through the first quadrupole (Ql) at m/z 805
both for OA and DTX-2. Following collision induced fragmentation in Q2 (collision gas
argon) product ions were selected by Q3 at m/z value of 733, 751 and 769 both for OA
and DTX-2. Collision energy of 20 eV was used.
The m/z values indicated both in text and in figures are in all cases the truncated values
of the more accurate experimental values.

3.3 RESULTS AND DISCUSSION
There is circumstantial evidence that Dinophysis acuta is the progenitor of the rare
diarrhoeic shellfish toxin, DTX-2, since the presence of this toxin in shellfish in South
west Ireland was observed soon after blooms of D. acuta in 1991 and 1994“°. Sensitive
analytical methods are required to determine DSP toxins in phytoplankton and shellfish
since these toxins have recently been shown to be potent tumour promoters at sub acute
levels“°. Improved HPLC methods, with fluorimetric and mass spectrometric detection,
were therefore developed for the analysis of DSP toxins in phytoplankton and these
methods were applied to establish the presence of DTX-2 in wild samples of D. acuta.
3.3.1

Determination

of

DSP

toxins

in

phytoplankton

using

FLUORIMETRIC-HPLC (ADAM METHOD)

The presence of DSP toxins in small numbers of these cells was established using
reversed phase (RP) fluorimetric-HPLC with the ADAM derivatisation method. Both
OA and DTX-2 were identified by comparison of retention times with standard toxins
but other potentially interfering peaks were also observed. Spiking experiments were
therefore conducted to distinguish OA and DTX-2 from other closely eluting
components in the phytoplankton. Fig. 3.1 shows the chromatograms for a sample
extract from ca. 125 D. acuta cells and an equivalent sample that was spiked with OA
(10 ng) and DTX-2 (10 ng). The symmetric increase in peak size for OA and for DTX-2
represents a 1 ng spike of each toxin per injection.
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Figure 3.1
Chromatogram from the fluorimetric HPLC analysis of a phytoplankton
ca. 125 D. acuta cells), following derivatisation using ADAM. Overlay
equivalent sample, spiked with OA (10 ng) and DTX-2 (10 ng).
Conditions: Prodigy Cl 8 column (250 x 3.2 mm, 5 pm);
acetonitrile:methanol:water (80:5:15); flow rate 0.5 ml/min; injection
detection :

365nm,

extract (0.1 ml,
(—) is from an
mobile phase:
volume 20 pi;

412nm). (Figure adapted from James et al., J. Chromatogr.,

Fig. 2, 777 (1997)213-221)
The natural phytoplankton sample was not a monoculture and contained 70% D. acuta
along with other phytoplankton. Since Dinophysis spp. cannot be cultivated in the
laboratory, the determination of toxins in monocultures requires individual cells to be
collected by picking them individually from a microscope slide-'*'. The size of D. acuta
cells is approximately 75 pm and the laborious collection procedure means that the total
amount of unialgal sample available for analysis is limited. However, the sensitivity of
this ADAM method can be appreciated from Fig. 3.2 which shows OA and DTX-2 in a
chromatogram obtained from a sample of only 22 cells. The average amount per cell of
these DSP toxins in D. acuta, determined on unialgal samples of 100 cells (N=6), was
OA (58 ± 7 pg) and DTX-2 (78 ± 14 pg). DTX-1 was not detected in these samples.
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Figure 3.2
Chromatogram from the fluorimetric HPLC analysis of a unialgal D. acuta extract (0.1
ml, 22 cells), following derivatisation using ADAM.
Conditions:

Prodigy

Cl 8

column

(250

x

3.2

mm,

5

gm);

mobile

phase:

acetonitrile:methanol:water (80:10:10); flow rate 0.5 ml/min; injection volume 20 gl;
detection :

365nm,

412nm). (Figure taken from J. Chromatogr., Fig. 3, 111

(1997)page 213-221)

3.3.2 LC-MS

AND

LC-MS-MS ANALYSIS OF UNDERIVATISED DSP TOXINS

lonSpray mass spectrometry has been shown in previous studies'‘’''’^'^'^“-^^° to be a valuable
technique for the determination of DSP toxins.

Full-scan mass spectra, acquired in

single MS positive ion mode, showed the protonated molecule (M+H)"^ at m/z 805 for
OA and DTX-2 with no evidence of fragmentation. Phytoplankton extracts were also
analysed by gHPLC-MS in full scan mode (m/z 700 - 1500) and the total ion current
traces only showed interesting peaks at m/z 805 (data not shown), suggesting the
presence of OA and DTX-2 in these samples. The intact protonated molecule of each
analyte served as the precursor ion for CID in the MS-MS experiments.

The OA

spectrum confirmed the fragmentation previously obtained^'^ through HPLC-MS-MS
experiments with an API source and an IS interface. DTX-2, an isomer of OA , gave the
same fragment ions as OA'^'.
The adoption of micro columns significantly facilitates the determination of small
samples and/or low concentrations of analytes. In order to achieve targeted analyses and
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maximum sensitivity, the SRM )liHPLC-MS-MS of the phytoplankton extracts was
implemented by adopting a small volume injection valve (0.2 pi). A micro-LC18
column (1 mm i.d.), with an optimum binary mobile phase of aqueous acetonitrile with
1.0 %TFA, was used which permitted low-flow HPLC-MS-MS to be carried out without
column eluate splitting. Using a mixture of toxin standards, excellent signals and
separations were achieved for OA and DTX-2, which eluted as sharp symmetrical peaks
at 13 min and 15 min, respectively (Fig. 3.3A). The detection limit, based on a S/N ratio
of at least 3:1, was estimated to be 0.025 ng (injected) for both OA and DTX-2.
Fig. 3.3B shows the SRM pHPLC-MS-MS analysis of a phytoplankton extract
containing ca. 2 x 103 D. acuta cells per ml. The unambiguous identification of OA and
DTX-2 in the sample was made based on retention time, molecular weight ((M+H)^, m/z
805), structural information, such as the presence of three diagnostic fragments (m/z
805-769, m/z 805-751 and m/z 805-733) for each analyte, and their ion ratios.
3.3.3
HPLC ANALYSIS USING A DUAL TAG METHOD
As described in chapter (section 2.6) there are advantages in establishing the identity of a
toxin by examining the chromatographic behaviour of more than one derivative.
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Figure 3.3
SRM gHPLC-MS-MS chromatograms of (A) standard mixture containing 0.5 gg/ml of
OA and DTX-2 and (B) methanol underivatised extracts of phytoplankton containing ca.
2 X 103 Z). acuta cells per ml. Conditions: column: Supelcosil LC18-DB (300 mm x 1
mm, 5 pm); mobile phase: acetonitrile-water, 85:15 (v/v) containing 1% TFA; flow rate
of 30 pl/min; injection volume: 0.2 pi. SRM was implemented using the parentdaughter ion combinations of m/z 805 - 733, 805-751 and 805-769, both for OA and
DTX-2; collision energy of 20 eV was used. (Figure adapted from James et ah, J.
Chromatogr., Fig. 3, 777 (1997) page 213-221)
As discussed previously an RP HPLC column that was developed for the analysis of
polyaromatic hydrocarbons, was chosen, as the critical separations were the 9anthrylmethyl and pyrenacyl derivatives of each toxin. Using an optimised gradient of
acetonitrile-water with a cross-linked polymeric column, Envirosep-PP, satisfactory
separations of the four derivatisation products was achieved (Fig. 3.4A) with retention
times, 30.07 min (ADAM-OA), 31.95 min (BAP-OA), 35.48 min (ADAM-DTX2) and
36.75 min (BAP-DTX2). A sample of the phytoplankton extract, derivatised with BAP
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is shown in Fig. 3.4B and the retention times for these derivatives were within 0.1% of
those using standards.
3.3.4

^HPLC-MS

ANALYSIS OF

DSP TOXINS, DERIVATISED USING BAP

A previous study^°° on the use of BAP for the derivatisation of OA confirmed the identity
of the pyrenylokadaate peak, observed using HPLC-fluorimetry, by the mass spectrum of
its silylated derivative. The possibility of using gHPLC-MS to directly analyse BAPderivatised phytoplankton extracts was examined to confirm the identities of the
derivatised toxins, OA and DTX-2, detected by fluorimetric analysis. The full-scan single
MS positive lonSpray mass spectra (m/z 700 - 1500) are shown in Figs. 3.5A and 3.5B,
respectively. These spectra were obtained from a 0.2 pi injection of 5 pg/ml solutions of
toxins, derivatised using BAP, into a 30 pl/min flow of mobile phase using the FIA
technique. These spectra are simple, exhibiting an abundant peak due to the protonated
molecule, (M+H)"at m/z 1048, both for BAP-OA and BAP-DTX2.
A peak due to the sodium adduct, (M+Na)^, at m/z 1070, was also observed in the spectra
of both BAP-derivatised toxins. The protonated molecules were considered suitable for
SIM pHPLC-MS analyses of BAP-derivatised toxins. The SIM pHPLC-MS
chromatograms of a mixture of toxin standards, derivatised with BAP, are shown in Fig.
3.6A. The analytes were eluted at 29 min (BAP-OA) and 30 min (BAP-DTX2) and a
detection limit of 0.055 ng/injection was estimated for the toxins. This is about double
the limit of detection obtained by the SRM pHPLC-MS-MS analysis of underivatised
toxins. This may be readily explained by considering the remarkable improvement in
S/N ratio allowed by the tandem mass spectrometric technique. Thus, the detection limits
for selected compounds in a complex mixture are improved even though the total ion
current associated with the MS-MS experiments is decreased relative to the normal mass
spectrum.
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Figure 3.4
A. Fluorimetric HPLC of standard OA and DTX-2, separately derivatised using ADAM
and BAP and mixed prior to injection. 1. ADAM-0 A, 2. BAP-OA, 3. ADAM-DTX2, 4.
BAP-DTX-2. Detection: {Xex 365 nm, X,em 412 nm)
B. Chromatogram from the fluorimetric HPLC analysis of a phytoplankton extract (0.1
ml, ca. 125 D. acuta cells), following derivatisation using BAP. Detection: (Xg,^365nm,
418nm)
Conditions : Envirosep-PP column (250 x 3.2 mm); mobile phase: linear gradient of
acetonitrile/water (54 - 71% acetonitrile, 61.5 min); flow rate of 1.5 ml/min. (Figure
adapted from James et al., J. Chromatog., 777 (1997) 213-221)
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Figure 3.5
Positive lonSpray mass spectra of individual solutions containing 5 pg/ml of (A) OA
derivatised with BAP and (B) DTX-2 derivatised with BAP. Conditions: flow injection
analysis (FIA); mobile phase: acetonitrile-water, 85:15 (v/v) containing 1% TFA; flow
rate of 30 pl/min; injection volume: 0.2 pi. (Figure adapted from James et al., J.
Chromatogr., Ill (1997) 213-221)
In addition, Pleasance et al.^'^ found that the sensitivity was lower for ADAM-derivatised
OA, than for underivatised OA, using lonSpray SIM HPLC-MS. One possible
explanation for this phenomenon is the preference of the lonSpray process for polar
molecules such as underivatised acidic toxins.
The application to BAP-derivatised phytoplankton extracts was undertaken and Fig. 3.6B
shows the SIM pHPLC-MS analysis from a sample containing ca. 2 x 103 D. acuta cells
per ml. The presence of BAP-derivatives of the DSP toxins is clearly indicated by the
presence of chromatographic peaks at the m/z 1048, at the same retention of OA and
DTX-2, whereas the absence of peaks at m/z 805 indicated that the toxins were
completely converted to their ester derivatives.
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Figure 3.6
SIM gHPLC-MS chromatograms of (A) standard mixture containing 0.5 jiig/ml of BAPderivatised OA and BAP-derivatised DTX-2 and (B) BAP-derivatised extract of
phytoplankton containing ca. 2 x 103 D. acuta cells per ml. Conditions: column:
Supelcosil LC18-DB (300 mm x 1 mm, 5 pm); mobile phase: acetonitrile-water, 85:15
(v/v) containing 1% TFA; flow rate of 30 pl/min; injection volume: 0.2 pi. SIM on the
ion m/z 805, corresponding to the protonated molecules, (M+H)"^, of OA and DTX-2 and
on the ion m/z 1048, corresponding to the protonated molecules, (M+H)\ of BAPderivatised OA and BAP-derivatised DTX-2. (Figure adapted from James et al., J.
Chromatogr., 777 (1997) 213-221)

This study has unambiguously established, for the first time, that the diarrhoeic shellfish
toxin, DTX-2, is produced by the marine phytoplankton, Dinophysis acuta
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Chapter 4
Isolation of new polyether toxins from
shellfish and phytoplankton

4.1 INTRODUCTION
Pectenotoxin-2 is a polyether macrolide toxin involved, together with okadaie acid,
dinophysistoxin-2 and dinophysistoxin-1, in diarrhetic shellfish poisoning^^l
Okadaie acid and its derivatives inhibit protein phosphatases and through this
biochemical process cause tumour promotion. PTX-2 is produced by the dinoflagellate
D. fortii and is metabolised in shellfish to other PTXs'f The absolute configuration of
PTX6 and stereoisomers at Cl were recently determined^^^'
Although hepatotoxic,
PTX2 is drawing renewed attention because of its selective as well as potent
cytotoxicity against human lung, colon and breast cancer cell lines^^''’
Isolation and structural elucidation of new toxin analogues allows the rapid
development of sound chemical analytical methods for their determination in food
products. Isolation provides pure standard for facile identification. Structural
elucidation allows analytical chemists to manipulate functional groups or physical
characteristics to provide an analytical method.
Structural elucidation of marine bioactive compounds remains an exciting challenge in
natural product chemistry. NMR and mass spectrometry play a key role in structural
elucidation of these compounds. NMR spectroscopy alone is insufficient when
examining molecules with high molecular weights because of overlapping of NMR
signals. API-MS-MS using the positive and negative ion modes also provides
invaluable structural information'‘^f However fast-atom bombardment with tandem
spectroscopy (FAB MS-MS) provides important structural infonnation for compounds
which have repetitive structural or similar structural moieties^^'’“^^ In this chapter a
novel isolation protocol has been used to isolate four new polyether compounds,
structural elucidation of these compounds has been achieved using a combination of
structural elucidation techniques.

4.2

METHODOLOGY DEVELOPED EOR THE ISOLATION OE
DSP TOXINS

This section describes a novel methodology for the isolation of DSP toxins from
phytoplankton using several chromatographic steps.

4.2.1 Materials and methods
4.2.1.1 Reagents and equipment
A flash 40M system (Biotage, Hertford, UK) with silica cartridge
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Sephadex LH-20 (Pharmacia Biotech)
lOg, C-18 Mega Bond Elut SPE tube (Varian)
Prodigy, C-18, 5 mm, 250 xlO mm, semi-preparative HPLC column (Phenomenex)
Phytoplankton sample containing 70% D. acuta collected at Union Hall, Bantry,
29/8/96.
HPLC reagents and equipment detailed in chapter 2 (Section 2.4.1)
4.2.1.2 Experimental
4.2.1.2.1 Extraction
The phytoplankton sample was found to contain okadaic acid, DTX-2 as well as two
other acidic components as determined by fluorimetric analysis with ADAM (Fig.
4.1
A) and BAP (Fig. 4.IB). The phytoplankton obtained (500 ml) was repeatedly
freeze thawed and then sonicated for 15 minutes. The sample was then centrifuged for
20 minutes at 3000 rpm. The supernatant was decanted off and the algae pellet was
extracted with 2 x 200 ml of methanol:water (4:1). The methanol extracts were
combined with the supernatant and were then extracted with 2 x 500 ml of chloroform.
The chloroform extracts were combined and rotavaped to dryness at 50 °C.
4.2.1.2.2 Isolation
Four chromatographic steps were employed for the isolation.
1.

The residue from the chloroform extraction was dissolved in 10 ml of diethyl
ether and injected onto a dry Silica cartridge. The cartridge was then
conditioned with 200 ml of diethyl ether. The toxins were eluted using a step
gradient 0-100% (10% increments) methanol in diethyl ether (100 ml
aliquots). 11 x 100 ml fractions were collected.
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Figure 4.1
Chromatograms from the LC-FLD of an extract from a phytoplankton sample {D.
acuta)’. A) the 9-anthrylmethyl esters after derivatisation with ADAM and B) the
pyrenacyl esters after derivatisation with BAP; peak identities: 1 = ACl, 2 = OA, 3
= ACS and 4 = DTX-2.
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 jum) at 35°C; mobile phase:
acetonitrile-methanol-water (80:5:15); flow-rate: 0.5 ml/min; detection:
412 nm (ADAM),

365 nm,

365 nm, A^^, 418 nm (BAP). (Figure adapted from James et

al. J. Chromatog., 844 (1999) 53-65)
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2.

A second silica chromatographic was performed on fractions rich in an
isolated toxin following the above procedure in step 1.

3.

Fractions rich in an isolated toxin were combined and evaporated to dryness
and eluted from a Sephadex column using methanol at a flow rate of ImL/min.
15 X 5 ml fractions were collected.

4.

After evaporation individual toxins were chromatographed on a C-18 (lOg, 60
ml) solid phase extraction tube. The tube was conditioned with 30 ml
acetonitrile/water (40:60). 30 ml aliquots of 40, 50, 60, 70, 80 and 100%
acetonitrile/water were used as eluting solvents. 30 x 6mL fractions were
collected.

5.

Positive fractions from the previous steps were extracted with chlorofonn and
evaporated and chromatographed on a C-18 semi preparative column. A linear
gradient going from 30-100% acetonitrilc/water at 4ml/min over 35 minutes
was employed. 30 x 5 ml fractions were collected.

Note: The acidic toxins were monitored using the modified Lee et al. or Dickey et al.

modified procedures (Chapter 2, section 2.4). Initially cross sections of eluent fractions
were screened and this was followed by a comprehensive analysis of the fractions in the
region of a positive response.
4.2.2 Results and discussion
4.2.2.1 Isolation of DTX-2
The analysis of fractions from the first silica chromatographic stage indicated that this
step was important in the physical clean up of the chloroform residue indicating that
silica is a good preparative step for the isolation protocol. However poor separation
was achieved between DTX-2 and its isomer okadaic acid (Fig. 4.2). Okadaic acid and
DTX-2 began to elute with 40% methanol and finished eluting with 70% and 80%
methanol respectively. Reasonable separation was achieved between OA/DTX-2 from
AC3, however little or no separation was achieved for ACl (Fig. 4.2).
Fractions containing OA and DTX-2 were brought forward to the second stage of
isolation. In this Sephadex stage, the OA and DTX-2 were found to elute between the
third and fifth fraction collected i.e. they were eluted with 10-25 ml of methanol. A lot
of the biological material was either retained on the column or eluted in later fractions.
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Fig. 4.2
Elution of ACl, AC3, OA and DTX-2 from Silica flash chromatography.

Gradient C-18 solid phase extraction achieved good preliminary separation of OA
and DTX-2 toxins as shown by the fluorimetric analysis of these fractions (Fig.
4.3). OA and DTX-2 began to elute with 60% acetonitrile however fraction 12
contained predominately OA, fractions 13 and 14 were mixtures and fractions 15
and 16 were almost pure DTX-2.

Again this isolation step was critical in the

overall protocol as it visibly retained most of the sample matrix even with 100%
acetonitrile elution and produced a relatively clean DTX-2 sample for the final
stage of isolation. Omitting this step would have resulted in a dramatic decrease in
the life span of the semi-preparative column.
Pure DTX-2 was eluted in a 10 ml band in fractions 15-16 (elution composition of
ca. 66% acetonitrile). The isolate (Fig. 4.4A) was found to be identical to that of
DTX-2

isolated

from shellfish (Fig. 4.4B). Flow injection analysis-mass

spectroscopy (FIA-MS) and LC-MS-MS analysis was performed to check the
purity. Positive ionspray FIA-MS scanning the range m/z 400-1700 showed very
clean spectra and there was only one peak for the signal m/z 805.

Fraction 12

Figure 4.3
Chromatograms from representative fractions of the Cl8 SPE stage of the isolation of
DSP toxins from D. acuta. Fluorimetric HPLC was performed on a 1/1000th aliquot
after derivatisation with ADAM.
Conditions: Prodigy Cjg column (250 x 3.2 mm, 5 ^m) at 35°C; mobile phase:
acetonitrile-methanol-water (80:5:15); flow-rate: 0.5 ml/min; detection:
Xgm 412 nm.
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Figure 4.4
/xLC-MS-MS A) DTX-2 isolated from phytoplankton, D. acuta, B) DTX-2 isolated
from toxic mussels. Conditions: Vydac 218TP51 column (250 x 1 mm, 5 /xm) at room
temperature; mobile phase: acetonitrile-water, 60:40 (v/v) containing 0.1 %TFA;
flow-rate: 40 pl/min; detection: positive ion, scan mode m/z

400-1700. (Figure

adapted from James et al. Toxicon, 37 (1999) page 343-357)
4.2.2.2 Isolation of AC4
In the final semi-preparative HPLC procedure an acidic component was identified in
fraction 20 i.e. this component eluted immediately after DTX-2.
Thus the
chromatographic properties of this novel component indicated that it was less polar than
DTX-2. The anthryl methyl ester eluted after DTX-2 and before DTX-1 (Fig. 4.5). It
was possible that this novel compound was the rare OA isomer DTX-2B, flurometric
analysis with ADAM indicated it had the same retention time as DTX-2B (Fig. 4.6)
however this acidic component was found to be a novel DSP toxin and named DTX-2C
(Section 4.3).
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Figure 4.5
Chromatograms from LC-fluorimetry of the 9-anthrylmethyl esters of four acidic DSP
toxins (2-4 ng each on-column). 1-Okadaic acid, 2-DTX-2, 3-AC4 and 4-DTX-l.
Conditions: Prodigy Cl 8 column (250 x 3.2 mm, 5 gm); mobile phase:
acetonitrile:methanol:water (80:5:15); flow rate 0.5 ml/min; injection volume 20 pi;
detection :

365nm,

412nm. (Figure adapted Draisci et al. from J. Chromatogr.,

798 (1998)137-145)
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Figure 4.6
Chromatograms from LC-fluorimetry of the 9-anthrylmethyl esters of
DTX-2 and DTX-2b (---) and AC4 (__ ).
Conditions: Prodigy Cl8 column (250 x 3.2 mm, 5 gm); mobile phase:
acetonitrile:methanol:water (80:5:15); flow rate 0.5 ml/min; injection volume 20 pi;
detection :

365nm, 2.^. 412nm.
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4.2.2.3 Isolation of ACl, AC2 and AC3
Three other acidic components were isolated during the course of this project and code
named ACl, AC2 and AC3 (AC; components were isolated from D. acuta and 1, 2 and
3 being their elution order on Cl8 stationary phase). ACl and AC3 are clearly visible
in the bulk phytoplankton extract and are easily derivatised with either ADAM or BAP
fluorotags, as seen from Fig. 4.1 A & B. AC2 like AC4, was a minor component and
only became evident in the final isolation step (semi-preparative with gradient elution).
Reasonable separation was achieved between ACl and AC3 using the flash silica stage
(Fig. 4.2) whereas poor separation was achieved from the DSP toxins OA and DTX-2.
Silica flash chromatography again demonstrated to be a good preparative step for the
isolation protocol. Fractions containing high concentrations of individual isolates were
combined and re-chromatographed on silica. In the next two steps i.e. Sephadex and
Cl8 SPE ACl and AC3 showed similar chromatographic ability to that of OA and
DTX-2. At the Cl8 MBE stage the analytes ACl and AC3 were concentrated enough
for the monitoring to be carried out by UV-DAD, they possess a conjugated double
bond which allows them to be monitored at 242 nm (fluorimetric analysis was also
carried out to validate UV-DAD work ). In the final step, identification of fractions
containing ACl and AC3 proved easy due to their UV absorption. AC2 eluted after
ACl and before AC3 using semi-preparative Cl8 chromatography. AC2 elution order
is the same when derivatised with ADAM. During the isolation procedure it was
noticed that ACl converts to AC3 and after each step this conversion became faster i.e.
removal of the matrix speeded up the conversion, this led to the hypothesis that ACl
and AC3 are isomers. The conversion is easily seen in a phytoplankton sample
analysed on the 20/10/96 Fig. 4.7A, as seen from this chromatogram the ratio of ACl to
AC3 is ^1:1 and then when the same phytoplankton extract was analysed again on the
7/8/97 Fig. 4.7B the ratio has changed to 1:3. Facile rearrangement of ACl Fig. 4.8A to
AC3 Fig. 4.8B made it difficult to have a pure standard over a long period and therefore
making it difficult to carry out further research. (LC-MS analysis section 4.4)
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Fig. 4.7
Chromatograms from the LC-FLD (ADAM) of an extract from a phytoplankton
sample {D. acuta)-,
A) phytoplankton extract analysed on the 22/10/96 and
B) phytoplankton extract analysed on the 7/8/97; peak identities: 1 = ACl, 2 = OA,
3 = ACS and 4 = DTX-2.
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 /xm) at 35°C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:
412 nm.
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Figure 4.8
Chromatograms obtained after derivatisation with ADAM from the LC-FLD of A)
ACl and B) AC3, obtained from the final step in the isolation sequence.
Conditions: Prodigy Cjg column (250 x 3.2 mm, 5 jum) at 35°C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:

365 nm,

412 nm. (Figure adapted from James et al. J. Chromatog., 844, 1999, 53-65)
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4.3 LC-MS AND LC-MS-MS OF AC4
4.3.1 Materials AND METHODS
The analysis of standard toxins and isolates was performed using a PE-Sciex API III
PLUS, triple quadrupole mass spectrometer with an pneumatically assisted electrospray
(ion-spray) interface.
4.3.2 Results and discussion
4.3.2.1 Mass spectrometry and tandem mass spectrometry analyses
Previous reports have demonstrated the suitability of LC-MS, using an API source and
an ionspray interface, to identify and determine DSP toxins in plankton and shellfish^'*221

The mass spectrometric strategy in this work was to use a soft ionisation LC-MS
technique to obtain intact protonated molecules^^’ in order to determine the molecular
weight, followed by CID using tandem MS (MS-MS) to gather other structural
information by characteristic product ions.
FIA-MS experiments were firstly performed on the solution of the purified compound
under investigation. In order to detennine the molecular weight of the compound, these
experiments were carried both in positive and in negative ion mode under the suitable
ionisation process parameters which had previously been found to favour the exclusive
formation of the protonated molecules, (M+H)" and deprotonated molecule (M-H)’ for
DSP polyether toxins belonging to the OA group''’'*Figure 4.9A shows the positive ionspray mass spectrum for the compound AC4. This
spectrum is simple, showing the abundant peak due to the protonated molecule,
(M+H)^, at m/z 805, although a small signal due to the ammonium adduct, (M+NH4)\ at
m/z 822 was also noticed. The negative ionspray mass spectrum was also acquired (Fig.
4.9B) and here only the deprotonated molecule, (M-H)', at m/z 803, was observed.
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Figure 4.9
Flow injection analysis Ion-spray mass spectra (A. positive and B. negative) of AC4
isolated from Dinophysis acuta. (Figure adapted from Draisci et al. J. Chromatogr., Fig.
2, 798 (1998) 137-145)
These results indicated a molecular weight of 804 for the isolated eompound which is
the same as that of OA^^ DTX-2''’‘’ and DTX-2B^‘’^
The power of tandem mass speetrometry for structural investigation on acidic toxins has
been previously demonstrated. Positive fragment ion mass spectra has been reported for
0^194,218,243.287^ Qj;^_| 287^ DTX-2''’'' aod thc fragmentation pattern for underivatised OA
was also proposed by some authors
It is important to note that the use of tandem mass spectrometry in this research was the
only practical approach to obtain structural information on the isolated compound, on
account of the limited quantity of the biological material obtained from phytoplankton.
Collision induced dissociation (CID) using MS-MS was implemented by FIA, both in
positive and in negative ion mode, in order to gather other structural information on the
compound, from its characteristic product ions.
Fig. 4.10 A shows the positive full-scan FIA MS/MS spectrum for the compound using
the (M+H)', at m/z 805, as precursor ion. This spectrum gave the same fragment ions as
those obtained from CID of protonated molecules of OA and its known isomers, DTX-2
and DTX-2B^^l Similarly, the negative product ion mass spectrum of the compound
(Fig. 4.1 OB) showed the same fragment ions obtained from CID of the deprotonated
molecules of OA and its known isomers.

113

Fig 4.10 A. Positive and B. negative CID mass spectra of AC4 isolated from
Dinophysis acuta. (Figure adapted from Draisci et al. J. Chromatogr., Fig. 3, 798 (1998)
137-145)
Chromatographic separation of known underivatised acidic toxins (OA, DTX-2, DTX2B, DTX-1), together with the compound under investigation, was finally carried out
using a reversed phase column at room temperature, under isocratic conditions (Fig
4.11). Under these conditions, a good separation was obtained.
All the above data indicated that the compound isolated from D. acuta to be a new OA
isomer and it was therefore named DTX-2C. This is the first report on the isolation of a
new compound related to DSP toxins from natural communities of toxic
phytop 1 ankton^^^
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Figure 4.11
SIM LC-MS chromatograms of a mixture containing underivatised DSP toxins . A.
OA, DTX-2, DTX-2B and DTX-2C at m/z 805; B. DTX-1 at m/z 819. Compound
under investigation eluting at t^ 8.3 min, after OA {m/z 805, t,.: 6.1 min), DTX-2 {m/z 805,
t^: 6.6 min), DTX-2B {m/z 805, t^: 7.5), and before DTX-1 {m/z 819, t^: 8.5 min), with a
mobile phase of acetonitrile-water, 60:40 (v/v) containing 1% TFA and a flow rate of 40
pl/min. (Figure adapted from Draisci et al. J. Chromatogr., 798 (1998) 137-145)

4.4 MS AND MS/MS STUDIES ON AC2 AND AC3
4.4.1 Flow injection

analysis

(FI A)

MS

and

FI A

MS/MS USING AN

ATMOSPHERIC PRESSURE INTERFACE

4.4.1.1 Materials
All the MS experiments were performed on a model PE-SCIEX API III plus triplequadrupole (PE-Sciex, Thornhill, Ontario, Canada). The mass spectrometer was
equipped with an API source and an ionspray interface. Ultra high purity (UHP)
nitrogen was used as the curtain gas and nebuliser gas in the ion-spray interface. The
standard software packages (PE-Sciex, Thornhill, Ontario, Canada) were used for
instrument control data acquisition and data elaboration.
High-pressure pump model Phoenix 20 CU (Fisons, Milano Italia), equipped with
Valeo valve (Houston TX, USA) with interchangeable loops (1 or 0.2 /xL), was used
for flow injection analysis (FIA-MS), FIA-MS-MS and LC-MS experiments.
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Methods
FIA-MS and FIA-MS-MS experiments were performed on solutions of the individual
DSP toxins containing 2.5 jug/ml (concentrations of DTX-2 are expressed as OA
equivalents).

The mobile phase was acetonitrile-water (90:10), containing 0.1%

TFA, for positive ion mode experiments and acetonitrile-water (90:10), containing
0.01% NH4OH, for negative ion mode experiments. The flow rate was 20 /xl/min.
Full-scan single MS mass spectra were acquired both in positive and negative modes
over the mass range

m/z 600-1000. Product ion mass spectra were acquired both in

positive and negative ion mode by colliding the Q1 selected precursor ion with argon
(gas thickness 300 x 10'^ molecules cm'^) in Q2 operated in radio frequency (rf)-only
mode and scanning the seeond quadrupole mass spectrometer, Q3, from

m/z 50 to

820. Collision energies of 30eV and -30eV for CID experiments in positive and
negative modes were used, respectively.

4.4.1.2 Results and discussion
The need for structural information on the potentially toxic isolated compounds
clearly required the use of spectroscopic techniques.

Mass spectrometry was

implemented, as it was the most effective approach due to the limited amounts of
compounds obtained from phytoplankton.
The power of LC-MS and MS-MS, using an API source and an ionspray interface for
the identification of new DSP toxins in plankton and shellfish has been unequivocally
demonstrated^^”

Investigations on new DSP toxins are typically based on a

combined approach involving single MS and MS-MS.

The former gives molecular-

related ions that indicate the molecular weight of the compound under investigation.
In order to obtain additional structure information, collision induced dissociation
(CID) of the molecular ions species can be performed in MS-MS experiments to
produce fragment ions that are characteristic of the chemical structures of the
molecular ions. The resulting full-scan product ion mass spectra may be interpreted
by reference to model compounds and related to mass spectral behaviour from known
structures.
In order to perform structural investigation on the two isolated compounds, AC2 and
AC3, the soft ionisation LC-MS technique was firstly implemented to obtain the
molecular weight for each analyte^^^ Subsequent investigations were performed by CID
using MS-MS to gather further structural information through characteristic product
ions. The same analytical approach was adopted to obtain LC-MS and MS-MS data for
PTX-2, for comparative purposes.
FIA-MS experiments were first carried out, both in positive and negative ion modes,
on the individual solutions of AC2, AC3 and PTX-2 under the appropriate ionisation
process parameters favouring the exclusive formation of the protonated molecules,
[MH-H]^, and deprotonated molecules, (M-H)', for DSP polyether toxins'”"*^^”'^^''^””’^””.
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The ionspray mass spectra showed that abundant peaks due to the protonated
molecules, (M + H)^, at m/z 877 for AC2 and ACS, and at m/z 859 for PTX-2 were
produced in positive ion mode, together with the ammonium adducts, (M + NH4)^, at

m/z 895 for AC2 and ACS and at m/z 877 for PTX-2. On the other hand, only the
deprotonated molecules, (M-H)', at m/z 875 for AC2 and ACS and at m/z 857 for
PTX-2, were observed in the negative ionspray mass spectra of the analytes. These
results indicated the same molecular weight of 876 for AC2 and ACS, which is 18
mass units larger than that of PTX-2.
Fig. 4.12B and 4.12C show the positive full-scan FIA MS-MS spectra for the
compounds, AC2 and ACS respectively, using the (M-l-H)^, at m/z 877, as precursor
ion for each compound. The spectra provide valuable structural information on the
analytes, since AC2 and ACS gave identical fragment ions, which were the same as
those obtained from CID of the protonated molecule, (M + H)^, at m/z 859, of PTX-2
(fig. 4.12A).
The negative full-scan FIA MS-MS spectra for PTX-2, AC2 and ACS, using the
precursor ions, (M-H)‘, at m/z 857 for PTX-2 and at m/z 875, for AC2 and ACS, are
shown in fig. 4. ISA, 4.1SB and 4. ISC, respectively.
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Figure 4.12
Positive ion mass spectra of: A) PTX-2 and the two compounds, B) AC2 (PTX-2SA)
and C) ACS (7-e77/-PTX-2SA), isolated from phytoplankton (D. acuta) and proposed
fragmentation patterns for the analytes. (Figure adapted from James et al. J.
Chromatogr., Fig. 5, 844 (1999) 53-65)
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Figure 4.13
Negative ion mass spectra of: A) PTX-2 and the two compounds, B) AC2 (PTX-2SA)
and C) AC3 (7-epi-PTX-2SA), isolated from phytoplankton (D. acuta) and proposed
fragmentation patterns for the analytes. (Figure adapted from James et al. J.
Chromatogr., 844 (1999) 53-65)

119

A similar fragmentation pattern for the analytes was again observed, as identical
fragment ions were produced for AC2 and AC3 with the low mass region ions matching
those obtained from the CID of PTX-2. On the other hand, two significant AC2 and
AC3 product ions, observed at m/z 367 and 645, were not present in the negative ion
MS-MS spectrum of PTX-2. The data obtained from repeated analyses under different
collision energies, in both positive and negative ion mode, support the view of the close
structural similarities between AC2, AC3 and PTX-2. The MS and MS-MS data should
be amalgamated with the previous observation that the new PTX-2 analogues, AC2 and
AC3, give fluorescent derivatives with ADAM and BAP, showing the presence of a
carboxylic acid in the molecule, and their UV absorption which is consistent with a
conjugated diene moiety (Fig. 4.14).
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Figure 4.14
Chromatogram from the final step of the isolation sequence for AC3 (7-e/7/-PTX-2SA).
The insert is the UV spectrum from the photo-diode array signals produced from the
AC3 peak.
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 pm) at 30°C using a gradient of
water/methanol (30 - 100% methanol) over 35 min; flow rate, 0.5 ml/min; PDA-UV
detection with absorbance monitored in the range 200-300 nm. (Figure adapted from
James et al. J. Chromatog., 844 (1999) 53-65)
All the above data indicate that the compounds, AC2-3, are isomers, related to PTX-2,
and contain an open chain carboxylic acid rather than a lactone ring. These compounds
have also recently been found in New Zealand shellfish and two of them have now been
structurally elucidated^”'. AC2 and AC3 have been named pectenotoxin-2 seco acid
(PTX-2SA) and 7-e/7/-pectenotoxins-2 seco acid (7-e/7/-PTX-2SA), respectively, and
possible fragmentation patterns for PTX-2 and PTX-2SAs can be proposed (figs. 4.12,
4.13). The difficulty in purifying ACl is now understandable as facile rearrangements
are typically observed in the pectenotoxins, especially in solution. This is the first
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report of the detection of PTXs in shellfish from Europe. This finding highlights the risk
of contamination of European shellfish with PTXs^*^' and the need for the development
of routine methods to determine these compounds in marine biological materials.
Work is in progress using shellfish from different marine areas to determine the extent
of contamination with PTX-2 seco acids.
4.4.2 FAB MS/MS STUDIES
4.4.2.1 Materials and methods
All the mass spectra were recorded on a JMS-HXl 10/HXl 10 tandem mass spectrometer
(JEOL, Tokyo, Japan) with a JMS DA-6000 data system.
4.4.2.2 Results and discussion
ESI-MS gave an ion peak corresponding to (M-H)- of PTX2SA at m/z 875,implying
that AC2 was 18 mass units larger than PTX2 (C47H7oO,4). HR-FAB MS gave the
molecular formula of AC2 as 04711720,5 (M+Na 899.47). From the MS data it was
conceived that 1, 33-lactone of PTX2 was hydrolysed in AC2. In support of this, AC2
was easily labelled with a 9-anthryldiazomethane and 1-bromoacetylpyrene which
reacts with carboxylic acids''^^’Further structural elucidation of AC2 was carried out
mainly by comparing the NMR data between PTX-2 and AC2 (Section 4.5).
Negative ion collision induced dissociation (CID) MS/MS experiments were carried out
on (M - H) ion (m/z 875) of AC2 to further confirm the proposed structure (Fig. 4.14).
Prominent ions at m/z 789, 743 and 717 arising from cleavages around C36 were
observed. Ions at m/z 549, 493, 465, 367 and 340 explained connectivities from C16 to
C24, and ions at m/z 283, 167, 155 and 127 were in accordance with the structure
around C7 and Cl2. Other prominent ions were generated by bond cleavages at the
sites characteristic of ether rings, as established in previous experiments on amphidinol,
yessotoxin, and maitotoxin^^ All of these data allowed us to assign the structures of
PTX-2SA and 7-e/7/-PTX-2SA as shown in Figs. 4.14 and 4.15 respectively.
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Fig. 4.14
CID FAB MS/MS carried out on the (M-H)' ion of AC2 (PTX-2SA). (Figure taken from
Daigugi et al., Chem. Letts, 1998, page 653)

Fig. 4.15
CID FAB MS/MS carried out on the (M-H)' ion of AC3 (l-epi-VTX-lSA).
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4.5 NUCLEAR MAGNETIC RESONANCE STUDIES ON PTX-2, AC2 AND AC3
4.5.1 Materials and methods
NMR spectra were measured with a Varian Unity INOVA 600 spectrometer in CD30D
at 20°C.
4.5.2 Results and discussion
On the IH-IH COSY and TOCSY spectra, 8 partial structures (H2-H6, H8-H11, H13,
H15-H17, H19-H-20, H22-H24, H26-H35, and H37-H40) were elucidated. IH
connectivities in these partial structures were exactly the same as those in PTX2
including the positions of interruption by quaternary carbons. Assembling the partial
structures by measuring long range 1H-13C correlations around quaternary carbons by
HMBC was prevented by the small amount of AC2. NOE correlations in ROESY
spectrum from H3 to H8, from Me42 to HIO, Hll, H13, and H15, from Me43 to H17
and HI9, from Me44 to H20 and from H37 to H34 were observed as are in PTX2.
Thus, stereostructures and connectivities of AC2 should be identical with those of
PTX2. UV maximum and NOEs indicated that the geometries of the conjugated double
bonds were both E as in PTX-2. IH chemical shift of H33 was markedly shifted upheld
from 5.48 ppm in PTX2 to 4.21 ppm in AC2, supporting the postulated hydrolysis of
the 1, 33-ester bond in PTX2 (Table 4.1). Slight differences of IH chemical shifts and
coupling constants observed between PTX2 and AC2 on HIO, Hll, H31, and H32
presumably arose from conformational changes as the result of the ring opening of the
macrolactone.
Connectivities and signal shapes of AC3 deduced from NMR spectra were identical
with those of AC2. NOE correlations from Me42 to HIO, Hll, H13, and HI5, from
Me43 to HI7 and H19, from Me44 to H20 and from H37 to H34 were also observed.
However, an NOE correlation between H3 and H8 was not observed. Instead of this
key NOE, an NOE from Me41 to HIO was observed. This result indicated that the
oxygen substituent at C7 in AC3 is axially disposed as in PTX4 and PTX7. In support
of this, the resonance for H3 in AC3 was shifted downfield by 0.27 ppm compared with
that of AC2 (Table 4.1). Therefore, the configuration at C7 was deduced to be S. IH
chemical shift of H33 was also shifted upheld from 5.48 ppm in 1 to 4.21 ppm in AC3.
Moreover, on the HMBC spectrum of AC3, a correlation from Me41 to Cl (179.3 ppm)
was observed. This carbon chemical shift well matched that of carboxylic acid but not
that of an ester carbon. These results confirmed that the 1, 33-ester bond in 1 was
cleaved to produce a carboxylic acid moiety at Cl and a hydroxy group at C33.
Consequently, the structure of 7-epi-PTX2 seco acid was unambiguously deduced .
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Pos

PTX-2
2.30
3.46
1.16
1.51
1.59
1.84

6

1.69
1.72

PTX 2SA
2.49
3.63
1.25
1.63
1.67
1.83
1.72
1.79

8

1.54

1.49

1.71

2.49

2.48

9

1.65
2.07

10
11
13

4.30
4.01
1.98
2.85
3.83
4.26
1.32
2.08
1.68
1.91
1.99
2.19
3.83
1.58
2.04

1.90
2.05
4.24
3.79
2.16
2.82
3.88
4.21
1.25
2.09
1.67
1.86
2.01
2.09
3.83
1.79

1.85
1.91
2.02

2
3
4
5

15
16
17
19
20
22
23
24
26
27
28
30
31
32
33
34
35
37
38
39
40
41

1.43
1.62
1.55
1.71
2.59
5.27
6.48
5.42
4.77
5.48
2.11
2.22
4.50
3.29
2.13
1.22
1.67
3.69
3.99
1.09

-

1.95
1.55
1.70
1.54
1.65
2.71
5.33
6.29
5.69
4.41
4.21
2.05
2.13
4.48
3.25
2.09
1.20
1.62
3.58
3.89
1.17
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7 epiPTX 2SA
2.32
3.90
1.29
1.57
1.67
1.82
1.59
1.66
-

3.99
3.69
2.38
2.76
3.93
4.26
1.37
2.11
1.67
1.90
2.02
2.12
3.86
1.72
1.97
1.59
1.74
1.53
1.74
2.71
5.35
6.29
5.70
4.43
4.21
2.06
2.14
4.48
3.27
2.11
1.23
1.62
3.61
3.89
1.12

-

42

1.21

1.21

43
44

1.34
1.23
0.97
1.70
0.95

1.34
1.23
0.95
1.79
0.92

45
46
A1

1.33
1.32

1.21
0.96
1.79
0.92

Table 4.1
IH NMR chemical shifts of PTX-2, PTX-2SA and 7-epi-PTX-2SA.
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Chapter 5
Investigation of DSP toxins in Europe

5.1 INTRODUCTION
As a result of the isolation protocol followed in chapter four, novel polyether compounds
were isolated and with the help of two spectroscopy techniques their structures elucidated.
The provision of these standards allows the examination of mussel and phytoplankton
globally. Our laboratory have found the ADAM method to be a robust method for the
determination of acidic polyether toxins. Isolation protocols screened with this fluorimetric
method have provided pure standards for toxin identification.
Also with the collaboration of our Italian colleagues, it has been possible to confirm our
results with LC-MS and LC-MS-MS using an ionspray interface and a triple quadropole
detector. However recently our laboratory has acquired an ion trap spectrometer with an
electrospray interface. One of the advantages of the ion trap detector over a triple
quadropole is that there is no sensitivity loss when analysis is carried out in the scan mode.
Analysis of a D. acuta extract revealed the presence of PTX-2 as well as confirming the
presence of OA, DTX-2, ACl and 7-epi-PTX-2SA. The presence of PTX-2 was confirmed
using LC-MS-MS. Again the PTX-2 standard was isolated by our Japanese colleagues,
stressing the importance of access to standards for the development of future research. A
modified isolation protocol was also examined for the isolation of YTX from Italian
Mussels.

5.2 CONFIRMATION OF PTX-2SA AND 7-F:P/-PTX-2SA IN
CHINESE, CROATIAN AND IRISH MUSSEL SAMPLES
USING LC-FLD

5.2.1 Materials and methods
5.2.1.1 Reagents and equipment
As per chapter 2 (Section 2.4.1)
5.2.1.2 Experimental
Mussel samples were extracted and derivatised with ADAM according to chapter 2
(Sections 2.4.2 and 2.4.3)
5.2.2 Results and discussion
5.2.2.1 Chinese mussel samples
While one of my colleagues, Marion Gillman, was on a research visit to CNEVA in
Paris she came across two mussel samples with three acidic components eluting close to
OA and suspected them to be PTX-2 seco acids. On analysis samples Z1 (Fig. 5.1 A)
and Z2 (Fig. 5.IB) both contained ACl, PTX-2SA, OA and 7-epi PTX-2SA.
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Fig. 5.1A
Chromatogram from the LC-FLD of an extract from Chinese mussel sample (Zl). The
9-anthrylmethyl esters after derivatisation with ADAM. Peak identities: 1 =AC1 (0.35
pg/g HP), 2 - AC2 (0.16 pg/g HP), 3 = OA (0.12 pg/g HP) and 4 =AC3(0.36 pg/g
HP).Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 pm) at 35°C; mobile phase
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:
Zgn, 412 nm .
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Fig. 5.IB
Chromatogram from the LC-FLD of an extract from Chinese mussel sample Z2. The 9anthrylmethyl esters after derivatisation with ADAM. Peak identities: 1 = ACl (0.18
pg/g HP), 2 = AC2 (0.09 pg/g HP), 3 = OA (0.07 pg/g HP) and 4 =AC3(0.17 pg/g HP).
Conditions: Prodigy C,g column (250 x 3.2 mm, 5 pm) at 35°C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:

365 nm,

412 nm.
5.2.2.2 Croatian mussel samples
During the course of this project 20 mussel samples, from Croatia, were sent to us for
DSP analysis. The samples were sent by Vedrana Mestrovic, Faculty of Natural science
and Arts, Department of Chemistry, Teslina, Croatia. The samples were sampled from
the Adriatic, either from Marina or Vranjic, between June 1996 and July 1997. Two
samples (Fig5.2) showed positive results when derivatised with ADAM. Both samples
came from Vranjic and were sampled on the 16/7/97 (Cl) and 19/6/96 (C5). (Cl =
Croatian sample 1,etc)
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Fig. 5.2A
Chromatogram from the LC-FLD of an extract from Croatian mussel samples C1.
The 9-anthrylmethyl esters after derivatisation with ADAM. Peak identities: 1 = OA
(0.05 pg/g HP), 2 = ACS (0.03 pg/g HP).
Conditions: Prodigy Cjg column (250 x 3.2 mm, 5 pm) at 35°C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:
X^^ 412 nm.
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Fig. 5.2B
Chromatogram from the LC-FLD of an extract from Croatian mussel samples C5. The
9-anthrylmethyl esters after derivatisation with ADAM. Peak identities: 1 = OA (0.03
pg/g HP), 2 = AC3 (0.02 pg/g HP).
Conditions: Prodigy C,8 column (250 x 3.2 mm, 5 pm) at 35°C; mobile phase:
acetonitrile-methanol-water (80:10:10); flow-rate: 0.5 ml/min; detection:

365 nm,

412 nm.

5.2.2.3 Irish mussel sample
Irish mussel sampled from Castletownbere ’96 showed the same toxin profile as the
algae sample that was obtained off Union Hall, County Cork, August, 1996.
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5.3 CONFIRMATION OF PTX-2, PTX-2SA, 7-F^P/-PTX-2SA, OA AND DTX-2
IN D, ACUTA USING LC-MS AND LC-MS-MS

5.3.1 Materials and methods
5.3.1.1 Reagents and equipment
HPLC reagents as per chapter 2. DTX-2 standard isolated from D. acuta.

PTX-2

standard was a kind gift from Professor Takeshi Yasumoto, Japan.
LC-MS and LC-MS-MS experiments were carried out using a Finnigan LCQ^*^ iontrap
mass spectrometer with an electrospray interface
5.3.1.2 Experimental
All experiments were carried out in the positive ion mode.
Electrospray conditions;
API heated capillary temperature = 200 °C
API heated capillary voltage = +5 V
API tube lens offset voltage = +30 V
Auxiliary gas (Helium) flow rate = 10 units (« 3 L/min)
Sheath gas (Nitrogen) flow rate = 50 units

0.9 L/min)

HPLC conditions;
Column: Luna C,8(150 x 3.2 mm) with a Luna C,8 pre-column (30 x 3.2 mm),
Phenomenex
Temperature: Ambient
Mobile phase: Acetonitrile:water:methanoic acid (60:40:0.1 v/v)
Flow rate: 0.2 ml/min
All MS experiments were carried in the scan mode 250-1200 m/z.

All MS-MS

experiments were carried out on the sodium adducts of the analytes i.e. (M+Na)"^.
OA and DTX-2; (M+Na)" 827.5 a.m.u
PTX-2; (M+Na)" 881.5 a.m.u
ACl, PTX-2SA and 7-epi-PTX-2SA; (M+Na)" 899.5 a.m.u.
The target analytes were allowed into the trap, excited with a relative energy of 30 %
and then the daughter ions scanned out of the trap between the mass range 230-1000
m/z units.
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5.3.2 Results and discussion
All experiments were carried out in the positive ion mode. The ionisation process was
found to favour the formation of the sodium adduct (M+Na)" ion for all the polyether
toxins examined^^°’^^’. Protonated molecules were not detected. These results are
consistent with other researchers when formic acid is used in the mobile phase. Figures
5.4A and 5.5A show the sodium adduct, (M+Na)\ at m/z 827.5, of OA and DTX-2,
(M+Na-H20)^, m/z 809.5 can also be seen. Chromatographic separation of the free
acids was easily achieved under isocratic conditions (Fig. 5.9). Mass spectra of OA and
DTX-2 determined in D. acuta were identical to that of the pure standards. LC-MS-MS
analysis was carried out on OA (Fig.5.4B) and DTX-2 (Fig.5.5B) using m/z 827.5 as
the precursor ion showed identical ions at m/z 809.3, 781.5, 773 indicating the
sequential loss of water molecules from the sodium adduct precursor.
Fig. 5.6A show the sodium adduct, (M+Na)\ at m/z 881.5 of PTX-2 indicating a
molecular weight of 858.5. Detection of ions at m/z 841.4, 823.4 and 806.4 show a
characteristic loss of water molecules for polyether compounds. The levels of PTX-2
detennined in D. acuta were ten times lower than those of OA. LC-MS-MS carried out
on the sodium adduct (Fig. 5.6B) yielded two prominent daughter ions, m/z 837.5
(M+NA-CO2) and 539.4 indicating a break between carbon 15 and 16.
Fig. 5.7A and 5.8A show the sodium adduct, (M+Na)', at m/z 899.5 of ACl and 7-epiPTX-2SA indicating a molecular weight of 876.5. LC-MS-MS spectra of both these
compounds (Fig. 5.7B and 5.8B) show identical fragmentation. Bond cleavages are
exactly identical to that of PTX-2.
Fig. 5.9 shows the LC-MS chromatogram of a D. acuta extract. The upper trace (m/z
827.5) shows a peak for OA (5.13 min) and DTX-2 (6.02 min). The middle trace (m/z
881.5) shows a peak for PTX-2 (6.84 min) and finally the bottom trace (m/z 899.5)
shows a peak for ACl (4.55 min) and a peak for 7-qp/-PTX-2SA (5.32 min).
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Fig 5.4
A) LC-MS spectrum of OA standard (5ng on column) m/z 500-1200. (M+Na)" 827.5,
f: 5.13 minutes
B) LC-MS-MS spectrum of the (M+Na)' of OA standard (5ng on column), 30 %
energy, scan range m/z 230-1000.
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Fig 5.5
A) LC-MS spectrum of DTX-2 standard (5ng on column) m/z 500-1200. (M+Na)^
827.5, f: 5.99 minutes
B) LC-MS-MS spectrum of the (M+Na)^ of DTX-2 standard (5ng on column), 30 %
energy, scan range m/z 230-1000.
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Fig 5.6
A) LC-MS spectrum of PTX-2 standard (5ng on column) m/z 500-1200. (M+Na)^
881.5, f: 6.78 minutes
B) LC-MS-MS spectrum of the (M+Na)^ of PTX-2 standard (5 ng on column), 30 %
energy, scan range m/z 230-1000, T: 6.76 minutes.
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Fig 5.7
A) LC-MS spectrum of ACl standard (2.5 ng on column) m/z 500-1200. (M+Na)^
899.5, t^: 4.52 minutes
B) LC-MS-MS spectrum of the (M+Na)^ of ACl standard (2.5.5 ng on column), 30 %
energy, scan range m/z 230-1000, t^: 4.52 minutes.
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Fig 5.8
A) LC-MS spectrum of AC3 standard (5ng on column) m/z 500-1200. (M+Na)^ 899.5,
t^: 5.33 minutes
B) LC-MS-MS spectrum of the (M+Na)^ of PTX-2SA standard (5 ng on column), 30 %
energy, scan range m/z 230-1000.
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Fig 5.9 LC-MS chromatogram of A acuta extract. Upper trace OA (m/z 827.5, t^: 5.13
min), DTX-2 (m/z 827.5, t,: 6.02 min); middle trace PTX-2 (m/z 881.5, t^: 6.84 min) and
bottom trace ACl (m/z 899.5, t^: 4.55 min), AC3 (m/z 899.5, t,: 5.32 min).

5.4 ISOLATION OF YTX FROM ITALIAN SHELLFISH
5.4.1 Materials AND METHODS
Silica (chromatography grade) Sigma-Aldrich (U.K)
Sephadex LH-20 (Pharmacia Biotech)
1 g, C-18 SPE tube(Supelco)
Supelcosil, C-18, 5 pm, 250 x 4.6 mm, analytical HPLC column
5.4.2 Experimental
Toxic mussels from the Adriatic were used for this isolation attempt. 20 g of
hepatopancreas containing «1 pg YTX/g of hepatopancreas were homogenised with 2 x
40 ml of methanol:water (4:1). The methanol extracts were combined and rotavaped
until the extract was concentrated by 2. Lipid material was removed by washing the
extract with 2 x 40 ml of hexane. The extract was then partitioned with an equal volume
of butanol, the mixture shaken and allowed to settle. The butanol layer was collected
and the extract was partitioned with a second aliquot of butanol. After extraction the
butanol extracts were combined and dried under vacum.
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5.4.3 Isolation
As per the isolation of the other DSP toxins, 4 chromatographic steps were employed.
1. 20 g of silica was used to pack a glass column (40 cm x 1.5 cm). The residue from
the butanol extraction was dissolved in 2 ml of diethyl ether and loaded onto the top of
the column, which was conditioned with diethyl ether. YTX was eluted using a step
gradient 0-100% (10% increments) methanol in diethyl ether (10 ml aliquots). 10 x 10
ml fractions were collected.
2. Positive fractions from the silica stage were combined and evaporated to dryness
under nitrogen and eluted from a sephadex column (20 cm x 1 cm) using methanol with
a flowrate of 0.5 ml/min. 10 x 5 ml fractions were collected.
3. Positive fractions from the previous step were combined and evaporated to dryness
under nitrogen. The residue was dissolved in acetonitrile:water (40:60) 3 ml and
chromatographed on a C-18 (1 g, SPE tube). The tube was conditioned with 3 ml of
acetonitrile:water (40:60). 3 ml aliquots of 40, 50, 60, 70, 80, 90 and 100%
acetonitrile/water were used as eluting solvents. 8 x 3 ml fractions were collected.
4 The final step involved the stepwise gradient elution (1 ml/min) on an analytical
HPLC column. The step gradient began at 50:50 acetonitrile water, this was held for
five minutes, the gradient was then increased by 10 % acetonitrile every 10 min until
100% acetonitrile was reached. 30 xl ml fractions were collected.
Note: The fractions were monitored using ion-spray reverse phase LC-MS by isocratic

elution at 30 pL/min with a mobile phase of acetonitrile:4 mM ammonium acetate
(80:20) using a 1.0 mm i.d. column. All experiments were carried out in negative ion
mode. SIM was used to detect YTX (m/z 1141) assigned to the (M-Na+H-Na)' ion.
5.4.4 Results and discussion
The analysis of fractions from the first stage of isolation revealed that YTX eluted in
fractions 6-9. Most of the YTX eluted in fraction 8 (eluting solvent =80% methanol).
Silica again showed to be a good preparative isolation step. Fraction 9 only contained a
small amount of YTX and this fraction was not brought forward to the next stage.
Fractions 6-8 were combined and chromatographed on sephadex LH-20. YTX was
found to elute in the first two fractions collected. Already YTX is showing similar
behaviour to the other DSP compounds isolated.
For the third stage a 10 g cartridge was not available so a Ig tube was used instead. The
isolation protocol was scaled down accordingly. YTX was detected in the first 2
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fractions indicating that it was not retained on the cartridge. The loading was also
screened for YTX and this was also found to be positive. However some matrix material
was retained on the cartridge therefore giving us some clean-up by default.
The final stage did not prove to be successful. YTX eluted over a large number of
fractions indicating the gradient was not suitable and also the mobile phase was not
buffered. However a UV spectrum was obtained, showing a characteristic X max at 230
nm, giving further confirmation of YTX.
The DSP isolation protocol can be used for the isolation of YTX and possible isomers
with slight modifications. Monitoring of the isolation steps can also be achieved using
the fluorimetric reagent DMEQ-tad^^*.
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